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 The Sawtooth Metamorphic Complex (SMC) of central Idaho contains exposures of 
metasupracrustal rocks that may provide constraints on Precambrian crustal evolution in 
northwestern United States.  Petrographic textures, whole-rock geochemistry, and 
thermobarmetry of SMC calc-silicate gneisses, collected at high-resolution, record multiple 
stages of crustal development, including: contiguous deposition of a sandstone-to-shale sequence 
derived from post-Archean continental sediments, metamorphism during two medium-high-
grade thermal events (M1, M2), and two distinct episodes of deformation (D1, D2).   
 Whole-rock concentrations of Cr (23.97-76.43 ± 3.0 ppm), Ni (6.82-33.10 ± 3.5 ppm), Th 
(2.11-12.04 ± 1.6 ppm), Sc (3.81-11.53 ± 1.6 ppm), and Zr (322-658 ± 3.9 ppm) in SMC cal-
silicates are consistent with derivation from post-Archean, continental sources that have 
undergone sedimentary maturation and recycling typical of detritus deposited in passive-margin 
environments.  Al-Ti-Zr ratios suggest calc-silicates represent a sequence of calcareous 
sandstones and marls, with bulk geochemical fluctuations reflecting varying proportions of clay 
and quartzo-feldspathic detritus. The sandstone-to-shale continuum may reflect a NW-to-SE, 
deep-to-shallow-water transition in the depositional environment of SMC calc-silicates.  
 Temperature estimates for M1 and M2 are constrained by mineral thermometry and ten 
isobaric pseudosections.  Peak metamorphic M1 conditions, characterized by the assemblage: 
cpx + qz + pl + kfs + phl + rt, are estimated at temperatures >750-775ºC and oxygenated fluids 
(XO > 0.35).  M1 was followed by widespread D1 deformation at high P and T, resulting in 
deformation twinning in clinopyroxene.  M2 occurred at conditions of ~550-725ºC and H2O-rich 
fluids (XCO2 ≈ 0.34), resulting in the diagnostic assemblage amph + kfs + qz+ cpx + pl + ttn.  
Undeformed, poikiloblastic amphiboles overprint deformation twins in clinopyroxene, 
v 
suggesting M2 was a static, thermal event post-dating M1 and D1.  Late-stage, brittle-ductile D2 
deformation is characterized by mylonitic lenses of quartz, fractures within M1 clinopyroxenes 
that cross-cut and offset D2 deformation twins, and localized fracturing of M2 amphiboles.  
 Geochemical signatures of SMC calc-silicates indicative of post-Archean, passive-
margin, continental sediments are most consistent with associations with nearby Neoproterozoic 
and Mesoproterozoic strata, suggesting the SMC may record deposition and multiple 
metamorphic/deformation events along western Laurentia associated with development of the 
1100-750 Ma supercontinent Rodinia.
vi 
INTRODUCTION 
Defining the character and evolution of Precambrian terranes in northwestern United 
States is important for constraining tectonic and crustal development of western cratonic North 
America.  The Precambrian evolution of western Laurentia, in the region of present-day Idaho 
and western Montana, is obscured by sparse basement exposures, voluminous magmatic 
overprinting of the Cretaceous Idaho Batholith, and a polymetamorphic history (e.g. Ernst, 1988; 
Mueller et al., 2005; Gaschnig et al., 2011).  Consequently western United States constitutes an 
area of uncertainty in Precambrian reconstructions of tectonic configuration and crustal 
processes associated with the evolution of the Laurentian craton (~2.1- present) and 
supercontinents such as Columbia (~ 2.1-1.6) and Rodinia (~ 1100-750 Ma) (e.g. Hoffman, 
1988; Moores, 1991; Blewett et al., 1998; Rogers and Santosh, 2002; Sears and Price, 2003; 
Rogers and Santosh, 2004; Zhao et al., 2004; Mueller et al., 2005; Foster et al., 2006; Li et al., 
2007; Goodge et al., 2008)    
Basement provinces that comprise part of western Laurentia include the Archean Grouse 
Creek, Priest River, Medicine Hat, and Wyoming cratons, and an inferred region of 
Paleoproterozoic crust called the Selway terrane located at the intersection of these Archean 
provinces (Fig. 1; e.g. Ross, 1991a; Mogk et al., 1992; Mueller et al., 2004a; Foster et al., 2006).  
The Selway terrane is thought to represent 2.4-1.6 Ga juvenile magmatic arc and Archean 
continental sediments metamorphosed during the accretion of the aforementioned Archean 
terranes to the margin of western Laurentia ca. 1.9-1.8 Ga (Foster et al., 2006).  Overlying these 
basement terranes are regionally-extensive strata of the Mesoproterozoic Belt and 
Neoproterozoic Windermere Supergroups, deposited along the margin of western Laurentia 
during the breakup of supercontinents Columbia (Rogers and Santosh, 2002; Zhao et al., 2004; 
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Rogers and Santosh, 2004) and Rodina (Lund et al., 2003; Alexander et al., 2006; Alexander, 
2007; Durk, 2007), respectively.  The Sawtooth Mountains of central Idaho are located at this 
critical intersection of Archean and Proterozoic terranes, and contain the Sawtooth Metamorphic 
Complex (SMC) emplaced as a roof pendant within the Tertiary Sawtooth Batholith (Fig. 1, 2).  
The metasupracrustal rocks of SMC occur within the region of the proposed Paleoproterozoic 
Selway Terrane where prebatholithic exposures are rare, thus preserving a record of 
metamorphism that may provide insight into the evolution of Precambrian crust along the margin 
of western Laurentia (Anderson, 1995; Dutrow et al., 1995; Metz, 2010; Bergeron, 2012).  
The metamorphic conditions recorded by the SMC reflect thermotectonic events in 
northwestern United States that may constrain crustal development in this key area of ancestral 
North America.  Based on results from a limited number of samples in previous work, granulite-
facies conditions and preliminary Sm-Nd depleted-mantle model ages of 2.4-1.6 Ga suggest the 
SMC represents a segment of the Paleoproterozoic Selway terrane metamorphosed to lower-
crustal conditions during accretionary growth of western Laurentia (Anderson, 1995; Dutrow et 
al., 1995; Metz, 2010).  However this limited dataset is derived from different SMC lithologies 
that exhibit ambiguous stratigraphic and structural relationships in the field, and record a range 
of metamorphic conditions from greenschist to granulite-facies (Anderson, 1995; Dutrow et al., 
1995; Metz, 2010; Bergeron, 2012).  It is unclear whether the range of calculated P-T conditions 
in the SMC reflects variation in the preservation and resetting capacities of different lithologies 
that experienced burial and exhumation along the same P-T path, structural intercalation of 
lithologies with different metamorphic histories, or multiple metamorphic events.  An in-depth 
lithologic characterization and petrologic analysis has not been conducted to examine for this 
2 
range P-T conditions within an individual lithology, and help constrain the metamorphic history 




Figure 1.  Location of the Sawtooth Metamorphic Complex (SMC) in central Idaho (black box), 
showing associated Precambrian terranes, and the Cretaceous Idaho batholith (modified after 
Foster et al., 2006 and Gashnig et al., 2012)  Location of Windermere is from Lund et al., (2003).  
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 Outcrops of calc-silicate gneisses occur continuously across-strike in the southern portion 
of the SMC, and contain texturally and chemically distintinctive minerals that are sensitive to 
temperatures and fluid conditions of the crust.  High-resolution petrologic analysis of these 
exposures sampled across-strike will help establish a detailed metamorphic history and an 
assessment of lithologic variation that can be compared to the range of P-T conditions recorded 
in other SMC lithologies.  Calc-silicate whole-rock geochemistry can be used to further constrain 
P-T-X conditions via pseudosections, infer protolith compositions, stratigraphic relationships, 
depositional environment, and provides an additional means of assessing lithologic variation in 
the SMC (e.g. Kent et al., 2000; Ordonez-Calderon et al., 2007; Burianek and Pertoldova, 2009). 
SMC calc-silicates also contain abundant, granoblastic titanite (CaTiSiO5) for conducting U-Pb 
geochronology that may help establish a temporal framework for metamorphism in the SMC.  
 This study integrates high-resolution field sampling, petrography, and whole-rock 
geochemistry, with mineral chemistry, thermobarometry, and U-Pb titanite geochronology of 
calc-silicates in order to better constrain the metamorphic evolution, lithologic relationships, and 
geochemical character of the SMC.  Metamorphic and geochemical signatures of calc-silicates 
may also reveal important distinctions and/or similarities between the SMC and the inferred 
Paleoproterozoic Selway terrane that can be incorporated into the regional context of crustal 
evolution in northwestern United States 
Geologic Background of the SMC                       
The SMC is located in the Sawtooth Mountains in central Idaho (Fig. 1).  The Sawtooth 
Mountains are a normal-fault-bounded basin and range province uplifted as a horst block during 
extension in the Tertiary, and are comprised mostly of the Cretaceous Idaho batholith (IDb) and 
the Tertiary Sawtooth batholith (STb) (Reid, 1963).  Jointing and weathering of arêtes bound by 
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U-shaped valleys formed during Pleistocene glaciation has resulted in the characteristic serrated 
profile of the Sawtooth Mountains (e.g. Maley, 1987).  The SMC appears to be an isolated 
metamorphic pendant within the Sawtooth batholith located at topographic highs of the Sawtooth 
range.  The complex covers an area of approximately 33 km2, extending ~ 6.5 km from Fishhook 
Creek in the south to Iron Creek in the north where it is bound by the Tertiary Sawtooth batholith 
(Fig. 2).  The eastern and western margins of the SMC span a distance of ~ 5 km, and are bound 
by the Sawtooth fault and the Idaho batholith, respectively.     
The SMC was originally mapped as undifferentiated metamorphic rocks (Reid, 1963).  
More recent mapping and petrologic investigations have identified eleven or more distinct 
metasedimentary and metaigneous lithologies within the complex (Anderson, 1995; Dutrow et 
al., 1995; Metz, 2010, Bergeron, 2012).  Major lithologies include aluminous garnet-biotite-
sillimanite gneisses, pyroxene-gneisses, biotite-gneisses, amphibolites, calc-silicate gneisses, 
quartzites, quartzo-feldspathic (ortho) gneisses, and marble mylonites (ibid).  Units vary in 
thickness from several centimeters to 250 meters, and are semi-continuous in the mapped portion 
of the complex, with biotite gneisses, quartzites, and quartzofeldspathic gneisses being the 
thickest, most continuous exposures (Fig. 3).  Lithologic contacts are both gradational and sharp 
(e.g. Metz, 2010), striking approximately N-S with a near-vertical dip that is readily visible in 
differential weathering profiles of more-resistant silicate-rich layers and less-resistant micaceous 
and/or carbonate-rich layers (Fig. 4 ).  Varying degrees of interbedding/intercalation occurs 
between quartzites, quartzofeldspathic gneisses, calc-silicate gneisses, and aluminous/biotite-
gneisses (e.g. Dutrow et al., 1995; Metz, 2010; Bergeron, 2012), with units generally juxtaposed 
along gradational contacts (e.g. Metz, 2010).  Leucocratic dikes occur as concordant intrusions 
along sharp contacts between SMC lithologies (Metz, 2010), and as discordant veins that cross-
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cut outcrop-scale banding and foliation, some of which may be related to Miocene Challis 
volcanics and Tertiary Sawtooth magmatism (Fig. 3: Dutrow et al., 1995; Metz, 2010).  The 
structural and/or depositional nature of lithologic contacts in the SMC is unclear, largely due to 
pervasive deformation, overprinting by concordant and cross-cutting leucocratic units, talus 






Figure 2.  The SMC extends over an area of ~33 km2 in central Idaho, extending from Fishhook 
Creek in the south to Iron Creek in the north, with eastern and western margins bound by the 
Sawtooth fault and the Idaho batholith, respectively.  The areal extent of the complex is based on 
sampling and mapping of known exposures by Reid (1963), Dutrow et al. (1995), Link (2002) 





Figure 3.  Geologic map of the Thompson Peak and Williams Peak area in the SMC showing the 
extent of the principal metasedimentary units. After Dutrow et al. (1995) and Metz (2010).   
Calc-silicates are well-exposed in the southern portion of the SMC around the periphery 
of Profile Lake near Thompson Peak (Fig. 5).  Previous mapping has established three calc-
silicate units based on mineral distribution (Dutrow, 1995; Metz, 2010): a granoblastic biotite-
clinozoisite calc-silicate (PCcsg1), a mylonitic titanite-clinozoisite-clinopyroxene calc-silicate 
gneiss (PCcsg2), and a mylonitic biotite-clinopyroxene calc-silicate gneiss (PCcsg3)(Fig. 3).  
These units are mapped along-strike from the Thompson Peak area northward for ~1.25 km to 
Meadow Bowl as 5-20 meter-thick exposures bound by biotite-pyroxene gneiss to the west, 
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marble mylonites to the east, and are intercalated with subordinate biotite-gneiss (Dutrow et al., 




Figure 4.  Field photograph showing Williams Peak and the NE rim of Profile Lake.  Lithologic 
contacts between metasedimentary units strike approximately N-S with a near-vertical dip that is 
visible in differential weathering profiles of more-resistant calc-silicate-rich units and less-
resistant micaceous and/or carbonate-rich layers.  
Previous work by Anderson (1995), Dutrow et al. (1995), and Metz (2010) suggests SMC 
lithologies record P-T conditions that range from greenschist-facies to lower-granulite-facies 
metamorphism, based on phase-equilibria and thermobarometry calculations on a limited number 
of samples.  Peak metamorphism at granulite-facies conditions of ~800°C and >7 kbar is 
suggested by aluminous gneisses in both the Thompson Peak and Iron Creek areas (Anderson, 
1995; Dutrow et al., 1995: Metz, 2010).  Amphibolite-facies temperatures in the range of 600-
765 ± 40°C were obtained at an assumed 5-7 kbar from amphibolites, aluminous gneisses, and 
one calc-silicate gneiss near Thompson Peak (Anderson, 1995; Dutrow et al., 1995).  
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Metamorphic pressures of 6.5 ± 0.1 kbar were derived from a garnet-sillimanite-biotite-gneiss in 
the Thompson Peak area (Dutrow et al., 1995).  Estimates of 670-825 ± 40°C and 5.3-6.7 ± 0.5 
kbar were obtained from peraluminous gneisses in the Iron Creek Creek area (Metz, 2010).  
Upper-greenschist-facies metamophism in the SMC is suggested by phase equilibria of 
muscovite-margarite-zoisite pseudomorphs after kyanite that records conditions of 490ºC and 5.2 
kbar, and granoblastic andalusite observed overprinting foliated sillimanite, reflecting 
metamorphism at ~500ºC and 3 kbar (Anderson, 1995; Dutrow et al., 1995; Metz, 2010).  
Mylonitic deformation at lower-middle-greenschist-facies conditions of 300-400ºC and < 3kbar 
is suggested by marbles and calc-silicates that exhibit polygonal subgrains and elongate ribbons 
of quartz in association with fractured pyroxene and plagioclase in thin-section (e.g. Anderson, 
1995; Dutrow et al., 1995).  
The SMC was initially designated as Precambrian based on its occurrence as xenoliths 
within the Idaho batholith and the high degree of metamorphism and deformation exhibited in 
the field (Reid, 1963; Link 2002).  Whole-rock Sm/Nd depleted-mantle model ages of 2.4-1.6 Ga  
from four different units (Table 1) and the identification of Precambrian indicators such as Cr-
bearing muscovite also support a Precambrian age for the SMC metamorphic rocks (e.g. Dutrow 
et al. 1995; Metz, 2010; Bergeron, 2012).  Preliminary U-Pb zircon geochronology on SMC 
quartzites by Bergeron (2012), yielded abundant 1050-1150 Ma grains interpreted as detrital, and 
suggests two units west of Profile Lake have maximum depositional ages of ~1068 ± 6 Ma and 
1059 ± 24 Ma, and a maximum depositional age of 1704 ± 108 Ma for one quartzite unit to the 





Figure 5.  The area of study is located in the southern portion of the SMC, near Thompson Peak and 
Williams Peak.  The black outline represents exposures of calc-silicate gneisses sampled in this 
study around the perimeter of Profile Lake.  Google Earth Image 
The Paleoproterozoic Selway Terrane  
The Paleoproterozoic-Selway terrane is a proposed region of almalgamated 2.4-1.6 Ga 
lithologies located west of the Wyoming craton in Montana and Idaho, and is suggested to 
presently underly the Belt Supergoup and the Idaho batholith (Fig. 1: Foster et al., 2006).  It is 
thought to be a collage of high-grade, metamorphosed juvenile-arc terranes and Archean 
metasediments associated with the accretion of the Archean Grouse Creek, Wyoming, Priest 
River, and Medicine Hat terranes to the western margin of Laurentia during Paleoproterozoic 
orogenesis (ibid).  Evidence for the Selway terrane stems from magnetic anomaly patterns (Sims 
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et al., 2004), 2.4-1.8 Ga U-Pb zircon crystallization ages from orthogneisses and an amphibolite 
in SW Montana, Sm-Nd depleted mantle model ages of 1.93-1.72 Ga and xenocrystic zircons in 
the Snake River terrane and Cretaceous-Teriary plutons, all suggesting Paleoproterozoic 
lithosphere lies west of the Wyoming craton (e.g. Mueller et al., 1995; Mueller et al., 1996; 
Foster et al., 2006 and references therein).  The whole-rock geochemistry of the Selway terrane 
is described as having a juvenile, arc-like character enriched in incompatible, heat-producing 
elements derived from a primitive asthenophere (Foster et al., 2006).  Characterizing the 
individual accreted segments and the absolute extent of the Selway terrane is currently not 
possible due to limited basement exposures in the proposed region, and there is no detailed, 
petrologic data published on the aforementioned orthogneisses and amphibolite.  Metamorphic 
conditions of the Selway terrane are inferred from 2.4-1.7 Ga metasediments in southwestern 
Montana that record upper-amphibolite-granulite-facies metamorphism (e.g. Roberts et al., 2002; 
Mueller et al., 2005) and metasediments from the Farmington Canyon Complex in northern Utah 
that record amphibolite-facies metamorphism at 1.8 Ga (e.g. Nelson et al., 2002).  
 Table 1.  Preliminary Sm/Nd Depleted Mantle Model Ages of select SMC lithologies 
Sample Rock Type Age (Ga) Sm/Nd Chondrite Norm.
GC-1 Quartzite 1.9 0.117 1.6
GC-2 Amphibolite 1.64 0.159 0.76
GC-3 Biotite-Calc-Silicate 2.36 0.128 2.03
GC-4 Calc-Silicate 2.15 0.118 1.83
 
The Mesoproterozoic Belt Supergroup 
The Belt Supergroup is an extensive siliciclastic succession of sandstones, argillites, and 
dolomitic argillites exposed in southeastern British Columbia (aka Belt-Purcell Supergroup), 
eastern Montana, and north-central Idaho (Fig. 1; e.g. Price, 1964; Whipple et al., 1984, 1997; 
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Lydon, 2000 ).  The 17-22 km-thick stratigraphic section is interpreted as a deep-water turbidite 
succession that evolved into shallow-water shelf or lacustrine deposits in an intracontinental rift 
basin, with the beginning of deposition is constrained by a minimum age of 1.47 Ga , and 
occurring semi-continuously until 1.40 Ga (e.g. Price, 1964; Winston, 1990; Chandler, 2000; 
Evans et al., 2000).  Most recently, the Belt has been interpreted as a passive rift basin (e.g. 
Chandler, 2000; Lydon, 2000) developed in response to the breakup of supercontinent Columbia 
(Zhao et al., 2004), and as a pull-apart basin formed adjacent to an oblique convergent plate 
margin bounding the western margin of Laurentia (Gardner, 2008).  The whole-rock 
geochemistry of Belt sediments is characterized by trace elements present in concentrations 
similar to (~1.0) post-Archean upper-continental crust (PAUCC) in argillites, and parallel but 
slightly depleted concentrations in sandstones due to dilution by quartz (Gonzalez-Alvarez at al., 
2006; Gonzalez-Alvarez and Kerrick, 2010).  Cr-Ni and Th/Sc-Sc systematics of argillites and 
sandstones are consistent with a post-Archean source (Gonzalez-Alvarez at al., 2006).  Trace 
element concentrations of dolomitic argillites normalized to PAUCC are also described as 
exhibiting a parallel trend similar to PAUCC and non-dolomitic argillites, but in lower total 
abundances due to carbonate dilution, and highly variable rare-earth element (REE) and high-
field-strength element (HFSE) concentrations in some dolomites due to mobility during 
dolomitization and interactions with alkaline, oxidized post-depositional brines (Gonzalez-
Alvarez and Kerrick, 2011).   
Belt quartzites, pelitic-schists, and calcite-zoisite-scapolite-bearing calc-silicates exhibit a 
general increase in metamorphic grade from north to south, recording greenschists-to-
amphibolite facies conditions in Canada, western Montana, and northern Idaho, with a general 
increase in grade towards the southwest near the northern border zone of the Idaho batholith (e.g. 
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Heitanen, 1962; Harrison, 1970; Tomten and Bowman, 1984, Knight and Bowman, 1985).  
Estimates of P-T-t conditions from Belt metasediments in north-central Idaho reflect at least two 
episodes of regional metamorphism (e.g. Heitanen, 1962; Lang and Rice, 1985): a ~1380-1330 
Ma synkinematic event (M1) at < 480-625ºC and 4-6 kbar, associated with regional contractional 
deformation (D1) synchronous with the development of supercontinent Rodinia (Zirakparvar et 
al., 2010; Nesheim et al., 2012),  and a second event (M2) interpreted as a peak metamorphic 
event at 650-750 ºC and  > 8 kbar, concurrent with Mesozoic plutonism (e.g. Lang and Rice, 
1985; Carey et al., 1992; Grover et al., 1992).  M2 is described as post-kinematic (Mora and 
Valley, 1991; Carey et al., 1992; Doughty and Chamberlain, 2004) as well as kinematic 
(Zirakparvar et al., 2010; Nesheim et al., 2012) in the Snow Peak area (Fig. 1), and as kinematic 
further south in the Boehls Butte area (Fig 1: Carey et al., 1992; Zirakparvar et al., 2010; 
Nesheim et al., 2012).  The timing of (M2) peak metamorphism is uncertain.  The recent 
identification of abundant 1.1-1.0 Ga titanite, zircon, and garnets (e.g. Anderson and Parrish, 
2000; Zirakparvar et al., 2010; Nesheim et al., 2012) that pre-date sparse Mesozoic overgrowths 
on garnet and zircon (Doughty et al., 2007; Zirakparvar et al., 2010) in Belt metasediments of 
northern Idaho, suggests the area experienced an additional syntectonic metamorphic event 
during the Grenville, and obscures original designations of peak metamorphism as M2 and 
Cretaceous.  The Belt Supergroup was displaced from the far western margin of Laurentia 
further east (e.g. Harrison et al., 1980) by eastward thrusting during the Laramide event in the 
Mesozoic, placed in its current position above Archean-Paleoproterozoic basement and 
Cretaceous strata in northern Idaho, Montana, and southern British Columbia (e.g. Yin and 
Kelley, 1991; Kleinkopf, 1997; Link, 1997; O’Neill, 1997).             
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The Winderemere Supergroup and Associated Neoproterozoic Terranes 
The Windermere Supergroup is a 3-9 km-thick succession of Neoproterozoic (> 780 Ma) 
mafic volcanics and glacial diamictites overlain by fine-grained siliciclastics, and subordinate 
carbonates that span semi-continuously from northern Canada to northern Mexico (e.g. Ross, 
1991a; Link et al., 1993).  Deposition of Windermere strata occurred during passive-margin 
rifting and miogeocline formation associated with the breakup of Rodinia (e.g. Ross, 1991a,b; 
Lund et al., 2003).  Neoproterozoic strata correlative to the Windermere Supergroup is present in 
the Albion, Raft River, and Grouse Creek (ARG) metamorphic core complexes of southern 
Idaho (Fig. 1) and in the East Humbolt and Ruby Mountain core complexes in northeast Nevada 
and western Utah, where they unconformably overlie Precambrian crystalline basement as part 
of a lower-crustal plate that has been juxtaposed with upper-crustal Neoproterozoic-Paleozoic 
strata along normal and detachment faults during Tertiary extension (e.g. Armstrong, 1975; 
Hudec, 1992; Harris et al., 2007; Cooper et al., 2010; Strickland et al., 2011).  Neoproterozoic 
Windermere sediments of the Gospel Peak, Marshall Mountain, and Big Creek roof pendants are 
exposed in central Idaho as isolated metamorphic complexes within or near the Idaho batholith, 
and are comprised of pelitic-schists, quartzites, quartzo-feldspathic schists, and calc-silicate 
rocks that are in some places unconformably overlain by glacial diamictites, felsic and mafic 
volcaniclastics, siliciclastics, and carbonate sediments (Fig. 1: e.g. Lund et al., 2003; Schmitz, 
2011).  Whole-rock geochemical data isn’t available for terrigenous clastic units of the 
Neoproterozoic Windermere in central Idaho (e.g. Harper and Link, 1986; Lund et al., 2003; 
Link and Christie-Blick, 2011), however clastic units are described as being dominated by 
immature, poorly-sorted glaciogenic sediments and diamictites (Lund et al., 2003) that may be 
reflected in geochemical signatures such as low Th/Sc and Zr/Sc.   Neoproterozoic shales from 
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the Big Cottonwood and Uinta formations in northwest Utah have low whole-rock geochemical 
concentrations of Th/Sc, and Zr/Sc suggestive of poorly sorted, immature sediments derived 
from Paleoprotoerozoic sources in southwestern United States and Archean sediments from 
Wyoming Craton (Condie et al., 2001).  Metamorphism of Neoproterozoic strata is associated 
with a late-state mylonitic deformation overprinting Cretaceous-age fold and thrusting during the 
Sevier Orogeny that records greenschist-facies conditions in upper stratigraphic and structural 
sections, and amphibolite to upper-amphibolite-facies conditions (550-750 ºC, 5.0-8.5 kbar) in 
deep structural units from the ARG complex in southern Idaho and roof pendants in central 
Idaho (e.g. Camilleri, 1998; McGrew et al., 2000; Lund et al., 2003; Schmitz, 2011).  
The Archean-Neoproterozoic Pioneer Mountains 
 The Pioneer Mountains is a ~ 52 km2 metamorphic core-complex composed of a 
metamorphosed NNW-trending footwall rocks divided into lower and middle Precambrian 
sections that are separated from unmetamorphosed, hanging wall, Paleozoic strata along a brittle-
ductile detachment fault, located ~ 40 km southeast of the SMC (Fig. 1; e.g. Dover, 1981).  The 
lower section contains a ~2.6 Ga, dome-shaped biotite-rich quartzofeldspathic orthogneiss along 
with Mesoproterozoic quartzites and calc-silicates that have been correlated with the Belt 
Supergroup based on age, and are intruded by a 695 Ma orthogneiss (Durk, 2007; Link, 2010).  
The middle section of the footwall is exposed only on the western side of the complex, being 
composed of late Proterozoic to early Paleozoic quartzites, calc-silicates, marbles, and 
metapelites that are separated from the lower section by Eocene mafic to granitic intrusions (e.g. 
Dover, 1981; Vogl et al., 2012).  Intercalation and repetition of sections occurs within both the 
lower and middle units of the footwall, and is attributed to thrusting (Dover, 1983; Link et al., 
2010).  Whole-rock geochemical data is not available for the the Pioneer Mountain rocks.  High-
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grade metamorphism, migmatization, and deformation of the footwall are thought to have 
occurred during Cretaceous shortening (Dover, 1981; Silverberg, 1990) and/or Eocene extension 
and plutonism (Vogl et al., 2012), though detailed petrologic descriptions of units and P-T-t 
estimates are absent 
Petrogenetic Significance of Calc-silicates 
Calc-silicates are defined as rocks containing abundant calcium-rich silicate minerals 
with less than 5 percent carbonate minerals (Fettes and Desmons, 2007).  Calc-silicates and their 
petrogenesis can provide significant insights into paleo-geographic and tectonic reconstructions 
of a region, as well as metamorphic processes, forming during regional and contact 
metamorphism of siliceous dolomites, carbonate-rich shales and sandstones, and via 
metasomatism of preexisting rocks (e.g. Rice, 1977; Ferry, 1994; Rose, 1996; Ordonez-Calderon 
et al., 2007).  Metamorphism of sedimentary calc-silicates is different from other metasediments 
in that it involves both H2O and CO2 components in the fluid phase.  Consequently calc-silicates 
have mineral assemblages and whole-rock geochemistries that are recognizably distinct from 
other lithologies, and record a more complete, detailed history of crustal fluid conditions during 
metamorphism.  Relative whole-rock concentrations of La, Ce, Nd (REEs), Ba, Rb, Sr, K (large-
ion-lithophiles), Zr, Y, Nb (high-field-strength elements) and Al-Ti-Zr systematics can help 
determine if SMC calc-silicates have a sedimentary, igneous, or metasomatic origin (e.g. Ferry, 
1982; Garcia et al.,1991; Rose et al., 1996; Gerdes et al., 1999; Ague, 2003), and Ni-Cr 
systematics can help distinguish whether they were derived from Archean and post-Archean-
sources (e.g. Taylor and McLennan, 1985).  If whole-rock geochemistry suggests SMC calc-
silicates have sedimentary protoliths, systematics of Th-Sc, Zr-Sc, may also reveal sedimentary 
processes during deposition in active versus passive continental margins (e.g. McLennan et al., 
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1993).   Determination of calc-silicate protoliths and their stratigraphic significance can 
influence reconstructions of depositional environments and help characterize effects of 
metasomatic processes during metamorphism.  The occurrence of calc-silicates within a 
lithologic sequence and their bulk-geochemical signatures can also serve as useful 
lithostratigraphic markers for determining coherency within a suit of metamorphic rocks and 
associations with other nearby terranes (e.g. Burianek and Pertoldova, 2009).   
U-Pb Titanite Geochronology 
Calc-silicate gneisses from the SMC contain abundant, >1.0 mm, idioblastic titanite.  
Titanite (CaTiSiO5) has been proposed as a viable U-Pb geochronometer due to incorporation of 
10s to100s ppm of U into its lattice during crystallization, its sensitivity to pressures and 
temperatures, and its high closure temperature of 650-700 ºC (e.g., Frost et al., 2000; Storey et 
al., 2007).  Studies on titanite stability suggest that it is most stable in calcium-rich rocks such as 
calc-silicates (e.g. Frost et al., 2000).  In-situ laser-ablation inductively-coupled plasma mass-
spectrometry (LA-ICP-MS) dating of titanite is an inexpensive, rapid alternative to other 
commonly-employed dating techniques (SHRIMP, whole-grain ID-TIMS), and preserves 
petrographic textures and phase relations that are obliterated in samples dated via zircon 
extraction and separation methods.  The stability, abundance, and size of titanite in calc-silicates 
makes it a promising phase for obtaining geochronologic data that can be interpreted in a 
petrologic context and related to the metamorphic evolution of the SMC.  
Purpose  
The petrology and P-T conditions of calc-silicate gneisses in the SMC have not been 
studied in detail, and whole-rock geochemical data has not been obtained for any of the units in 
the complex.  The purpose of this study is to 1) characterize petrologic and geochemical 
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signatures of SMC calc-silicates, 2) determine calc-silicate protolith(s) and depositional 
environment(s), 3) Investigate variation and stratigraphic relationships within calc-silicates units 
4) provide spatial and temporal constraints on metamorphism in the SMC, and if possible 5), 
correlate SMC calc-silicates with calc-silicates of nearby Precambrian terranes.  This study 
employs a high-resolution petrologic investigation of SMC calc-silicates in order to establish a 
metamorphic and geochemical characterization of SMC crust, help reconstruct the petrologic 
evolution of SMC calc-silicates, and provide data that may be correlated with other terranes in 
central Idaho.  
 It is hypothesized that mineralogical and textural features of SMC calc-silicates preserve 
evidence for lower-granulite, amphibolite, and greenschist-facies metamorphism as well as 
mylonitic deformation, suggesting that the range of P-T conditions recorded by different SMC 
lithologies is due to variable preservation and resetting of different mineral assemblages in 
lithologies that have experienced the same metamorphic history.   
 The metamorphic conditions and geochemical signatures of calc-silicates may establish a 
link between the SMC and the surrounding Precambrian terranes, recording crustal development 
during an interval of Precambrian supercontinent formation and/or cratonic evolution of western 
Laurentia (Fig. 1).  Distinct metamorphic and geochemical signatures can be expected in SMC 
calc-silicates that are correlative to the Paleoproterozoic Selway terrane, the Mesoproterozoic 
Belt Supergroup, or the Neoproterozoic Winderemere Supergroup.  SMC calc-silicates 
equivalent to the Paleoproterozoic Selway terrane will record metamorphism to deep crustal 
conditions during the Precambrian, having whole-rock concentrations such as low Th/Sc, Zr/Sc, 
and high Ni and Cr indicative of derivation from juvenile magmatic-arc sediments and/or 
Archean continental sediments deposited in an active-margin setting (e.g. Foster et al., 2006).  In 
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contrast, signatures of SMC calc-silicates correlative to Mesoproterozoic strata will likely 
indicate a dolomitized shale and/or sandy protolith, derived from low Ni, Cr, high Th/Sc post-
Archean sources deposited during passive rifting in an intracontinental, oxidized basin, and 
metamorphosed to greenschist or amphibolite-facies conditions during multiple orogenic 
episodes related to Rodinian tectonics in the late Mesoproterozoic-early Neoproterozoic (e.g. 
Knight and Bowman, 1984; Mora and Valley, 1991; Zirakparvar et al., 2010; Nesheim et al., 
2012)  Similar signatures are expected in SMC calc-silicates representative of Neoproterozoic 
strata, derived from terrigenous clastics deposited in a passive-margin rift environment, with the 
distinction that Neoproterozoic strata will likely record metamorphism and deformation during 
the Cretaceous and/or Eocene, and whole-rock geochemical signatures such as low Th/Sc and 
Zr/Sc may reflect derivation from more immature, poorly sorted sediments, due to association 




Field Work  
In order to characterize the mineralogy, composition, and calculated P-T-t stability of 
SMC calc-silicates, and to investigate variations between samples, across-strike high-resolution 
sampling of calc-silicate gneisses was conducted around the perimeter of Profile Lake near the 
Thompson Peak area of the Sawtooth Mountains, ID.  Representative samples were collected in-
situ along 0.3 to 5.0 m intervals over an approximate distance of 144 m, beginning at UTM 
location 659631E, 4890112 N (44.8’47” ºN 115ºW), and ending at 660032E, 4889891N 
(44.8’37” ºN 114ºW) (Fig.6).  Samples collected near contacts with biotite-schists, gneisses, and 
felsic veins were noted for comparison with samples away from veins and contacts.  Calc-silicate 
pods within closely associated biotite-gneisses were also sampled.  Mineral abbreviations used in 
this study are adopted from Whitney and Evans (2010), and are listed in Table 2.  A UTM 
location (Table 3) and outcrop photograph (Appendix A) were taken for each sample.  These 
samples were supplemented by previously collected calc-silicates (Anderson, 1995; Dutrow et 
al., 1995; Metz, 2010).  A compilation of collected samples and all associated analytical work is 
included in Table 4. 
Petrography 
Thin-sections for twenty-seven calc-silicates were prepared for petrographic analysis at 
Lousiana State University in Baton Rouge, LA and Spectrum Petrographics, Inc. in Vancouver, 
WA.  Thin-sections were examined with an Olympus BH-2 petrographic microscope.  Samples 
were classified based on mineral identification and visually-estimated modal amounts of phases.  
A calc-silicate classification was assigned to samples having abundant calcium-rich silicate 
minerals and less than 5 percent carbonate minerals (Fettes and Desmons, 2007).   
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Figure 6.  Calc-silicate samples locations plotted in Google Earth and overlain on a geologic map 
adapted from Dutrow et al. (1995) and Metz (2010).  Calc-silicates gneisses are divided into NW, 
NE, and SE samples and correspond respectively to previously mapped calc-silicate units PCcs3, 
PCcs2, and PCcs1 (Fig. 3).  A czo-pl-qz-bi gneiss unit (bg) is added, and the three calc-silicate 
units are renamed based on different mineral modifiers.    
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Phase relations and textures such as inclusion assemblages, grain shapes, zoning, reaction 
rims, cross-cutting relationships, pseudomorphs, fracture-fillings and grain-boundary profiles 
were used to investigate equilibrium among phases and to determine prograde and retrograde 
assemblages.  Phases representing high-temperature, typically anhydrous, products of 
metamorphic reactions were designated as prograde, also referred to as primary phases, formed 
during increasing grade and/or peak metamorphic conditions.  Retrograde phases were identified 
based on the presence of lower-grade hydrous minerals observed partially or completely 
replacing higher-grade phases, and represent lower-temperature products of hydration reactions 
initiated during a later metamorphic overprint of cooling and recovery from a metamorphic 
event, such as exhumation.  Thin-sections containing minerals useful for the application of 
geothermometry and titanite geochronology were noted for use in P-T-t calculations.  
Similarities and/or differences in mineralogy, modal proportions, and textures of samples were 
compared with trends in P-T-t calculations and whole-rock compositions to assess variation 
across the regional strike. 
Electron Microprobe Analysis 
Quantitative microanalytical electron-microprobe analyses of amphibole, clinopyroxene, 
feldspars, biotite, clinozoisite, and titanite mineral chemistry were obtained using wavelength-
dispersive spectrometry (WDS) on the automated JEOL 733 electron microprobe at LSU.  
Operating conditions included an accelerating potential of 15 kV, a beam current of between 5-
20 nA, and a 2 µm electron-beam diameter for anhydrous phases, and a 10-15 µm beam diameter 
for hydrous phases.  Amphibole, biotite, pyroxene, muscovite, clinozoisite, and titanite were 
analyzed for Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K, and Cl.  Feldspars were analyzed for Si, Al, 
Ca, Ba, Na, K, Fe, and Mg.  Standards of known compositions were assigned to each element for 
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primary calibrations (Table 5).  Three consecutive analyses of a well-characterized secondary 
standard were conducted as unknowns between every five to ten sample analyses to check and 
correct for instrument drift, and maintain data within an accuracy of ± 1.0 weight percent relative 
to standard book values.  






 Three grains of each mineral were analyzed per sample and two to five spots were 
analyzed for each grain.  Cores, mantles, and rims of grains were targeted for analysis to check 
for compositional zoning.  Grain traverses consisting of five spot analyses were conducted across 
amphibole, plagioclase, clinopyroxene, plagioclase, potassium feldspar, and titanite to 
characterize chemical trends.  Analyses were obtained from phases in granoblastic and foliated 
thin-section domains of gneissic samples for compositional comparison. 
Mineral structural formulas were calculated by normalization of weight-percent oxide 
analyses to atoms per formula unit (apfu) based on oxygen content, anion sum, or cation sum.  
Feldspar analyses were normalized on the basis of 8 oxygen atoms.  Amphibole analyses were 
normalized to 23 oxygen atoms, with Fe3+ calculations based on crystal-chemical constraints in 
accordance with the method of Holland and Blundy (1994) for thermometry applications.  
Clinozoisite and zoisite formulae were calculated on the basis of 12.5 oxygens, assuming all Fe 
as Fe3+.  Biotite analyses were normalized to 24 oxygen atoms assuming OH- + F + Cl- = 4 in 
H2O calculations, in accordance with application in titanium-in-biotite thermometry calculations 
(Henry et al., 2005).  Muscovite was normalized to 24 anions.  The structural formula of 
clinopyroxene was based on 6 oxygen atoms.  Titanite analyses were normalized to 3 cations; 
(Ca, Si, Ti) assuming all Fe as Fe3+ and the presence of OH- and/or F- to maintain charge 
balance.  Fe-content of biotite, clinopyroxene, and muscovite was calculated as Fe2+.  
X-Ray Fluorescence (XRF) Whole-Rock Analysis  
 Bulk-rock geochemistry was obtained by XRF on twenty calc-silicate samples from the 
SMC.  Samples chosen for analysis were calc-silicates that appeared unweathered and had a 
sample weight of 200 g or more to ensure homogeneity and to reduce sampling error.  
Mineralogical trends and gneissic banding of each hand-sample were recorded and used to assess 
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compositional homogeneity, taking note of significantly segregated domains that could result in 
whole-rock compositions not representative of equilibrium conditions.  
 Table 4.  Samples and associated analytical work 
 
 Whole-rock major and trace-element compositions as well as loss on ignition (LOI) 
measurements were analyzed via XRF at Washington State University, WA.  To prepare XRF 
powders, hand samples were coarse-chipped and sub-sampled using a rotary splitter, and 
powdered to less than 50 micrometers in a tungsten carbide ring mill at WSU. Three-point-five 
gram aliquots of powders were mixed with 7g of a lithium tetraborate flux, placed in graphite 
crucibles, and fused at 1000°C in a muffle oven (Johnson et al., 1999). The beads were then 
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reground in tungsten-carbide shatterboxes, re-fused under the same conditions, and polished on 
diamond laps to ensure a smooth surface during analysis on the ThermoARL Advant'XP+ 
sequential X-ray fluorescence spectrometer. 





 Table 5.  Mineral standards used for Electron Microprobe analyses 
 
 Instrumental precision is measured by analysis of two internal standards (BCR-P and 
GSP-1) between every 28 unknown samples.  Estimates of precision and limits of determination 
(LOD) for each element at 2-sigma (95 percent confidence) are listed in Table 5.  Major-element 
compositions were normalized on a volatile-free basis with all Fe as FeO.  
Geothermometry 
Hornblende-Plagioclase Thermometry 
 Two variants of a thermometer were used to calculate temperatures for SMC calc-
silicates assuming chemical equilibrium between calcic-amphibole and plagioclase.  The 
thermometers are calibrated using natural and synthetic amphibole and plagioclase data, account 
for non-ideal solid-solution interactions in both minerals, and have an uncertainty of ± 40 ºC.  
One thermometer requires the presence of quartz and the other does not, herein designated 
respectively as thermometers A and B (Holland and Blundy, 1994).   
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Thermometer A is based on the edenite exchange vector (NaAl ) (Si)-1, and can be represented 
by the reaction: 
NaCa2Mg5Si7AlO22(OH)2 + 4SiO2 = Ca2Mg5Si8O22(OH)2 + NaAlSi3O8                   (1)         
edenite                      quartz          tremolite                    albite   
Thermometer A is calibrated over the temperature range of 400-900 ºC for quartz-rich samples 
with amphibole compositions of 6.0-7.7 Si atoms per formula unit (apfu), NaA > 0.02 apfu, Alvi < 
1.8 apfu, and plagioclase compositions <An90.  Thermometer B is based on the plagioclase 
exchange vector (NaSi) (CaAl)-1, expressed by the equilibrium reaction:                     
NaCa2Mg5Si7AlO22(OH)2 + 2NaAlSi3O8 = Na(CaNa)Mg5Si8O22(OH)2 + CaAl2Si2O8             (2)   
     edenite                      albite               tremolite                              anorthite                                  
Application of thermometer B is recommended for temperatures of 500-900 ºC, and samples 
containing amphiboles with 6.0-7.7 Si apfu, XNaM4 > 0.03, Alvi < 1.8 apfu, and plagioclase 
compositions of An10-90.   
 Core and rim chemistries of coexisting amphibole and plagioclase were used in 
thermometry calculations such that, when possible, core compositions of one phase were paired 
with core compositions of the other, and rim compositions were paired likewise.          
Amphibole and plagioclase compositions that did not meet mineral chemsitry criteria were noted 
as a potential source of error, and the resulting calculations were cautiously interpreted.  
Compositions were averaged when more than one analysis was obtained on a core and rim, and 
then applied in thermometer calculations using both reactions (1) and (2).  Two estimates were 
obtained for each reaction, assuming a pressure of 5 kbar for one calculation, and 7 kbar for the 
other.  These pressure assumptions are based on pressure conditions estimated for the SMC in 
previous studies (Anderson, 1995; Dutrow et al., 1995; Metz, 2010).   
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Titanium-in-Biotite Thermometry 
 Temperature estimates of SMC calc-silicates were supplemented by Titanium-in-Biotite 
(TiB) thermometry (Henry et al., 2005).  This single-mineral thermometer is based on the 
relationship between temperature, Ti-content, and Mg/(Mg+Fe) values expressed in the Ti-
saturation surface of natural, metapelitic biotite data.  The thermometer is empirically calibrated 
for biotites equilibrated over a temperature range of 480-800 ºC and 4-6 kbar pressures, having 
compositions of Mg/(Mg+Fe) between 0.275 and 1.000 and Ti = 0.04-0.60 apfu.  A precision of 
± 24 ºC is ascribed to the thermometer providing the sample meets saturation criteria indicated 
by the presence of rutile or ilmenite, graphite, quartz, and aluminous minerals.  The precision of 
the thermometer increases to ± 12 ºC at temperatures > 700 ºC. 
 Analyzed biotite grains with appropriate compositions were selected for thermometry.  
Averages of core and rim compositions were employed in calculations when possible.  Calc-
silicate samples were assessed for saturation constraints and the presence of associated minerals 
required for strict application of the TiB thermometer. 
Phase-Diagram Sections (Pseudosections)  
 Phase diagrams were computed as a function of calc-silicate whole-rock compositions via 
a free energy minimization strategy implemented in Perple_X version 6.6.8 (Connolly, 2005; 
Connolly, 2009).  Thermodynamic data from the Holland and Powell dataset (1998), updated in 
2002, was employed for end-member calculations.  Mixing properties of phases involving solid-
solution were included in calculations, employing the solution model of Holland and Powell 
(1996) for clinopyroxene, Wei and Powell (2003) and White et al., (2003) for clinoamphibole, 
Newton et al. (1980) for plagioclase, and Waldbaum and Thompson (1968) for potassium-
feldspar (Table 7).  Pseudosections were modeled in the system: K2O-Na2O-CaO-MgO-FeO-
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TiO2-Al2O3-SiO2-H2O-CO2 (KNCFMASTCH) or K2O-Na2O-CaO-MgO-FeO-TiO2-Al2O3-SiO2-
COH (KNCFMASTCOH).  Saturation of quartz (SiO2) was assumed in calculations for quartz-
bearing samples with bulk SiO2 greater than 60 weight percent.   
Isobaric T-X(CO2)  pseudosections were calculated for non-graphitic samples at 6 kbar 
assuming stability of a binary H2O-CO2 fluid, where X(CO2) represents the mole fraction of 
species CO2 relative to H2O + CO2  in the fluid.  A modified Redlich-Kwong (MRK) equation-
of-state for supercritical fluids (Redlich and Kwong, 1949; de Santis et al.,1974; Holloway, 
1977; Kerrick and Jacobs, 1981) was used for fluid speciation calculations in T-X(CO2) 
diagrams.  Isobaric T-X(O) diagrams were generated at 6 kbar for graphite-bearing samples to 
account for redox equilibria and speciation in a graphite-saturated C-O-H (GCOH) fluid, where 
X(O) represents the atomic fraction of component O relative to C + O + H in the fluid (Connolly, 
1994; Connolly, 1995). 
  T-X(O) diagrams are analogous to T-X(CO2) diagrams in that they portray mineral 
equilibria and devolatilization reactions as a function of temperature and fluid composition, with 
the difference being that fluid composition is expressed in terms of the bulk fractions of a 
component in the fluid: X(O) rather than a species, i.e. X(CO2).  The fugacities of H2O, CO2, and 
O2 within a C-O-H fluid were computed as functions of X(O) consistent with graphite saturation 
by employing a modified Redlick-Kwong  (MRK) equation of state for GCOH fluids (Connolly 
and Cesare, 1993).  In T- X(O) diagrams, X(O) is directly proportional to the fugacity of oxygen 
in a GCOH fluid, and speciation is interpreted such that compositions of X(O) > 0.333 are 
primarily H2O-CO2 mixtures, compositions near X(O) = 0.333  represent the maximum activity 
of H2O, and at compositions of X(O) < 0.333 fluids are essentially H2O-CH4 mixtures.         
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Fluid compositions of X(O) = 0 and 1 are represented by H2O-CH4 mixtures and CO-CO2 
mixtures, respectively (Connolly, 1995).  
 All pseudosections were calculated for a temperature range of 500-800ºC, fluid 
compositions between 0 and 1 for X(CO2) or X(O), and 6 kbar of pressure.  The compositional 
resolution of phases for all pseudosection calculations was iteratively refined to a precision of 
~10-4-10-3 mol.  The precision and accuracy of phase diagram calculations is determined by 





Table 7.  Solution models used in Perple_X v.6.6.8 (Connolly, 2005) 
Table 8. Option File parameters for pseudosection accuracy and precision with Perple_X v.6.6.8 
(Connolly, 2005)  
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Laser Ablation-Inductively Coupled Plasma-Mass Spectometry (LA-ICP-MS) 
In-situ isotopic analysis of U-Pb in titanite grains was conducted using a New Wave 
UP213 solid-state laser ablation system and a Nu Plasma double focusing plasma mass 
spectrometer and at the University of Florida.  Three titanite-bearing SMC calc-silicate samples 
previously-collected from the perimeter of Profile Lake were chosen for analysis (Table 4).  
Thin-sections were polished and carbon-coated for titanite imaging on the JEOL-840A scanning 
electron microscope (SEM) at LSU.  Back-scattered electron (BSE) images were obtained at 
conditions of 6-8 kV, beam size of 15µm, and varying degrees of brightness and contrast.  
Images were examined for textural features and compositional zoning in order to target areas for 
U-Pb dating.  Inclusion-free titanites with BSE images suggestive of compositional 
homogeneity, core-rim zoning, and textural equilibrium with surrounding phases were preferably 
chosen for dating.   
Carbon-coats were removed from thin-sections before ablation.  Titanite grains were 
focused and a spot size of 40 µm was laser-ablated with a wavelength of 213 nm and pulse width 
of 3 ns at 60 percent power.  Laser pulses were delivered to samples at a repetition rate of 10-12 
Hz, and a pulse duration of 50 seconds that included 20 seconds of background and 30 seconds 
of signal acquisition.  Titanite was analyzed in-situ for 238U, 204Pb, 206Pb, and 207Pb isotope 
compositions.  Three-to-eight analyses were conducted as unknowns on each grain and three-to-
five grains were analyzed from each sample.  Areas targeted for analysis included cores and 
opposing rims, fractured segments, and imaged areas of compositional zoning.   
Two successive analyses of a fused-glass Bancroft titanite standard were conducted 
before and after every 10 unknowns under constant analytical conditions in order to evaluate and 
maintain data quality.  Isotopic ratios were corrected for drift by linear interpolation of data 
33 
segments bracketed by standard values, and then reduced using an in-house Excel spreadsheet 






Leucocratic units occur as concordant lenses and layers- deformed undeformed Twenty-
five calc-silicates gneisses collected around the perimeter of Profile Lake are spatially divided 
into northwest (NW), northeast (NE), and southeast (SE) samples, and correspond respectively to 
calc-silicate units PCcs3, PCcs2, and PCcs1 previously mapped by Dutrow et al.(1995) and Metz 
(2010)(Fig. 6).  The UTM coordinate 659631E 4890112N (44.8 ºN 115º W) marks the initial 
sampling position at the western margin of the NW sample area where calc-silicate exposures are 
bound by a migmatitic biotite-pyroxene gneiss.  NW samples were collected within 48 m east of 
the starting position, with the exception of one sample obtained at the base of William’s Peak 12 
m west and 130 m north of the starting position.  The NW and NE sample areas are separated by 
a 15-25 m wedge of mixed calc-silicate and biotite-gneiss talus.  The northeast (NE) sample area 
begins 71 m east of the starting position, with samples obtained from a 48 m transect from west 
to east.  The eastern margin of the NE sample area is bound by a 10-20 m biotite-gneiss unit and 
is separated from SE samples by a wedge of talus and a SW-NE trending felsic Tertiary Sawooth 
dike (~50 m wide).  The SE sample area begins 239 m south and 365 m east of the starting 
position, and continues east for 36 m where the last sample is bound by steepened terrane at the 
knickpoint of an outlet from Profile Lake.  Calc-silicate exposures in this area appear to continue 
eastward for 2-3 m, where they have been mapped in contact with a marble mylonite unit 
(Dutrow et al., 1995; Metz, 2010).  Names of samples collected in this study reflect sample 
locations, designated by general area (NW, NE, SE) and distance (m) east of the starting position 
in the format: NW/NE/SE#E.  A UTM coordinate for each sample is included in Table 1, and 





Figure 7.  Field photo of calc-silicate gneisses exposed around the perimeter of Profile Lake as 
grayish-white and greenish-white units, and have glacially polished outcrop surfaces and striae.  
(NW sample area looking N and corresponding to samples NW0E and NW0E’) 
All of the sampled calc-silicate gneisses crop out as grayish-white, greenish-white, and 
emerald-green units that vary in thickness from 0.3 to 15.0 m and have glacially-polished 
outcrop surfaces and striae (Fig. 7).  Gneissic banding is expressed as green amphibole-diopside-
rich layers or dark green clinozoisite-diopside-rich layers (0.5-3.0 cm) that alternate with white 
or peach-colored feldspar-quartz-rich layers (0.5-3.0 cm) and light-brown biotite-rich layers (0.5-
1.5 cm) (Fig. 8).  Discordant and concordant, leucocratic veins (0.15-1.00 m wide) composed 
primarily of feldspar are interspersed throughout all three calc-silicate sample areas and are often 
associated with offshoots of smaller (10-32 cm wide), oxidized cross-cutting veins (Fig.7, 9).  







Figure 8.  Outcrop photograph of greenish-white calc-silicates with gneissic banding of green 
amphibole-diopside-rich layers or dark green clinozoisite-diopside-rich layers (0.5-3.5 cm) that 
alternate with white and/or pinkish-orange feldspar-quartz-rich layers (1.0-4.0 cm) and brown 
biotite-rich layers (0.5-3.0 cm). (Samples NW16E and NW16E’)  
Figure 9. (A) Outcrop photograph looking west of typical cross-cutting felsic veins (10-32 cm 
wide) interspersed throughout NW, NE, and SE calc-silicate sample areas, exhibiting varying 
degrees of surface oxidation. (B) Outcrop photograph of leucocratic veins exhibiting a granular 






Figure 10.  Hand-sample photos of foliated calc-silicates.  Foliated Biotite-rich calc-silicates are 
the westernmost samples collected in this study (A: sample NW0E), and exhibit a darker green 
and brown coloration relative to lighter-colored calc-silicates (B: sample NW48E).  
 
 
 Calc-silicate units from the NW are generally light-green and grayish-white and have 
pronounced gneissic banding (Fig. 8).  Light-brown biotite-rich layers (~0.5-1.0 cm) alternate 
with green diopside-tremolite-rich layers (1.0-3.0 cm) and white feldspar-quartz-rich layers 
(Table 9).  Biotite-rich calc-silicates exhibiting a dark-green coloration lie furthest west, and are 
separated from lighter-colored NW calc-silicates by a ~10-15 meter-wide biotite-gneiss unit (Fig. 
10).  Diopside occurs as granoblastic (0.5-2.0 mm) and porphyroblastic (3.0 mm) grains 
comprising ~30-60 percent of the visually-estimated modal amount (Table 10).  Quartz (0.3-1.0 
mm) and plagioclase (1.0-1.5 mm) grains are present at a combined amount of 15-20 percent.  
Potassium feldspar is visible as pink-orange, 0.5-1.5 mm grains at modal amounts between 15 
and 30 percent.  Biotite occurs as ~1.0 mm grains oriented parallel to gneissic banding, and is 
present at modal amounts that vary considerably in different domains of the sample, averaging at 
5-10 percent.  Amphibole is present at 10 percent of the modal amount as light-green, bladed 
grains (1.5-2.5 mm) that show slight-to-no preferred orientation (Fig. 11).  One NW calc-silicate 
sample is from a 0.4-0.6 m lens of coarse-grained granoblastic diopside (3.0 cm), light-colored 
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feldspar (1.0-1.5 cm), and quartz (0.5 cm), boudinaged within a biotite-gneiss, and does not 
exhibit gneissic banding (Fig. 12).  The easternmost NW calc-silicate samples contain less 





Figure 11.  Hand sample photographs of light-colored green and white granoblastic NW calc-
silicate gneisses. (A) Visible grains of bladed, light-green tremolite cluster in the center of the 
photograph and exhibit a slight preferred orientation parallel to grain length (sample NW16E). (B) 
amphiboles exhibit no apparent, preferred orientation (sample NW-12E). 
 Calc-silicates from the NE periphery of Profile Lake crop out as light-colored greenish-
white units and exhibit gneissic banding of quartz-feldspar-tremolite-rich layers (5.0-8.0 cm) and 
brown biotite-rich layers (0.5-1.0 cm) that tend to thin towards the east (Fig. 13).  A differential 
weathering pattern between biotite-rich layers and more-resistance clinopyroxene-quartz-
feldspar-rich layers is present on outcrop surfaces.  A thin ~6 meter-wide biotite-gneiss unit 
separates white, quartz-rich calc-silicates from greenish-white biotite-rich calc-silicates.  Hand 
samples contain visible granoblastic quartz, plagioclase, potassium-feldspar, diopside, and 
bladed amphibole grains (Table 9).  Quartz and feldspar grains (0.5-2.0 mm) have a combined 
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visually-estimated modal amount of 65-70 percent.  Diopside is visible as 1.0-1.5 mm grains at 
modal amounts between 15 and 30 percent.  Idioblastic amphibole is present at ~10 percent of 
the modal amount as bladed, light-green grains (1.5-3.0 mm), and appears as slightly oriented 
grains concentrated in thin bands in two hand samples (Fig. 14). One NE calc-silicate hand 
sample (NE71E) contains silver graphite flakes (~0.5-1.0 mm long) concentrated in 0.5-1.0 cm 
layers at visually estimated amounts of ~ 15 percent.  Calcite was also detected in two hand 
samples and fresh outcrop surfaces by reaction with hydrochloric acid.  Layers become more 
biotite-rich in the easternmost calc-silicate outcrops and exhibit a more pronounced blue-green 





Figure 12. Outcrop photograph of a boudinaged granoblastic calc-silicate lens (NW3E) within a 
biotite-gneiss from the NW sample area.  Diopside is visible as dark green ~3.0-5.0 cm 
porphyroblasts and granular clusters. Plagioclase is white and hypidioblastic, having a grain size of 
~1.0-3.0 cm. There is an abrupt change in outcrop color due to enhanced oxidation of the biotite-





Figure 13. Outcrop photograph of a NE calc-silicate gneiss (NE92E).  Units are generally light-
colored and have gneissic bands of greenish-white quartz-feldspar-tremolite-rich layers (3.0-8.0 
cm) and brown biotite-rich layers (1.0-2.0 cm) that are discontinous and tend to gradationally thin 
towards the east. 
 
 Figure 14. A hand-sample photograph of NE calc-silicate sample NE92E showing layers of green, 
oriented blades of amphibole.  
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 Calc-silicate exposures in the SE portion of the study area are folded, dark bluish-green 
units with oxidized surfaces (Fig. 15).  Gneissic banding is expressed in hand-sample as dark-
green clinozoisite-diopside-rich layers (2.0-5.0 cm) that alternate with white quartz-feldspar-r
layers (0.5- 2.0cm) (Fig. 16, Table 9).  Diopside and clinozoisite are visible as dark-green, 1.0-
3.5 mm grains comprising a combined modal amount of 50-60 percent.  Quartz and feldspar
(1.0-4.5 mm) are present at modal amounts between 40-50 percent, forming 2.0 cm long an
cm wide lenses in three hand samples.  The presence of fine (~0.5 mm), granular epidote is 
suggested by pistachio-green grains that comprise 5-10 percent of the modal amount.  The 
westernmost SE calc-silicates are exposed as highly-weathered and oxidized green and white 
gneissic units composed of granoblastic clinopyroxene (2.0-2.5 mm) and what appears to be 
interstitial, white plagioclase.  Boudinaged calc-silicate lenses (6.0 and 30 cm wide ) contain
granoblastic, coarse-grained diopside (1.5-2.5 cm) and feldspar (0.5-1.0 cm) occur as layers 





 at a contact between a calc-silicate and a 3-5 m oxidized, 
biotite-gneiss unit (Fig. 17).  Cross-cutting and concordant leucocratic veins are 
le 
 
interpreted as post-peak phases.  Low-temperature retrograde phases include epidote, sericite and 
other fine-grained micas, and some occurrences of clinozoiste, chlorite, calcite, and rutile. 
clinopyroxene-
common in the SE sample area.  
Petrography  
 Twenty-four calc-silicate gneisses from the SMC can be characterized by a mineral 
assemblage of cpx + qz + pl + ttn + ap + zrn ± amp ± kfs ± bt ± czo ± ms ± gr ± cal ± rt (Tab
9).  Peak metamorphic phases include clinopyroxene, quartz, plagioclase, potassium-feldspar, 




Figure 15. (A) SE calc-silicates crop out as folded emerald-green and white gneissic units and are 
cross-cut by white quartz-feldspar-rich veins. (B) Some SE samples exhibit a dark bluish-green 
coloration and oxidized surfaces owing to the abundance of Fe-bearing clinopyroxene and 





Figure 16.  Gneissic banding is visible in SE calc-silicate hand samples as dark, bluish-green, 
granoblastic clinopyroxene-clinozoisite-rich layers that alternate with lighter green and white 







Figure 17.  Boudinaged calc-silicate lenses are common in the SE sample area, and contain 
coarse-grained, granoblastic clinopyroxene and feldspar.  (A) Lenses occur within an oxidized 
clinopyroxene-biotite gneiss unit and have thicknesses that vary from ~15 cm to ~30 cm 
(sample SE377E). (B) Smaller boudins (~6-10 cm wide) also occur within other gneissic calc-





Table 9. Calc-silicate samples and associated mineral assemblages 
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  Table 10. Calc-silicate textures and visually-estimated modal amounts of minerals 
 Thin-sections exhibit granoblastic and foliated textures that correlate with mineralogical 
trends and varying degrees of gneissic banding.  Granoblastic textures are dominated by 
polygonal, hypidioblastic clinopyroxene, feldspar, and quartz that exhibit ~120 degree angles at 




Figure 18.  Photomicrograph (XPL) showing granoblastic calc-silicates that contain hypidioblastic 
clinopyroxene, feldspar, quartz, and titanite and randomly-oriented idioblastic amphiboles.  Well-
developed ~120 degree angles at triple-grain-junctions are visible between kfs, cpx, and qz in the 
upper-left-side of the image. (Sample NW42E).   
Foliation in samples is defined by oriented blades of amphibole and/or biotite, elongate 
quartz ribbons, and slightly elongate, typically fractured, feldspar and clinopyroxene grains (Fig. 
19).  Foliated-to-mylonitic layers alternate with granoblastic, coarse-grained (> 0.25 mm) layers 
in nine of the twenty-five samples.  Gneissic banding, absent or weak in granoblastic samples, is 
relatively pronounced in foliated samples, with segregated layers ranging from 1 mm to 10 mm 
wide across thin-sections.   
 
 











Figure 19.  Photomicrograph of SE sample SE394E in XPL (A) and PPL (B). Mylonitic calc-
silicates contain oriented grains of acicular and bladed amphibole, elongate quartz, and slightly 
elongate porphyroblasts of clinopyroxene.  Clinopoyroxene is often fractured in foliated samples, 
having parallel sets of fractures that are perpendicular to the main foliation.  Titanite exhibits a 
similar fracture pattern.   
Thin-sections of ten NW calc-silicates, five NE calc-silicates, and nine SE calc-silicates 
were studied (Table 4).  Visually-estimated modal amounts of minerals in each sample are listed 
in Table 10.  Clinopyroxene, quartz, and plagioclase are present in all samples.  Clinopyroxene 
occurs as hypidioblastic grains that are colorless in plane-polarized light (PPL), exhibiting 
second-order interference colors in cross-polarized light (XPL).  Deformation twinning in 
clinopyroxene is common, expressed in some grains as thin, lenticular twins, and in others as 
broader, straight and continuous twins (Fig. 20).  Plagioclase grains are hypidioblastic and 
exhibit partial-to-complete sericitization in many samples. Quartz is generally xenoblastic with 
undulose extinction, and often occurs as polygonal grains, subgrains, or elongate grains with 
sutured boundaries (Fig. 19). Amphibole is present in thin-sections of all samples from the two 
northern sample areas, and is absent or occurs in trace amounts in seven of the nine studied SE 
samples. Two SE samples contain amphibole at slightly higher modal amounts of 13 and 15 %  
Amphibole grains reach up to 2.5 mm in length, occurring as bladed, acicular, and idioblastic 





Figure 20.  Photomicrograph (XPL) of sample NE92E showing multiple deformation twins in the 
large central clinopyroxene grain, and in the smaller clinopyroxene in the top of the photo. 
Undeformed, randomly-oriented blades of poikiloblastic amphibole overprint the granoblastic 
phases and deformed clinopyroxene.  
 Potassium feldspar is present in thin-sections of nine NW samples, four NE samples, and 
one SE sample as hypidioblastic-xenoblastic grains that display microcline twinning.  Biotite is 
present in six NW samples and four NE samples as tabular grains that are colorless to light-
brown in PPL.  Biotite was not observed in thin-sections of SE calc-silicates.  Muscovite is 
present in trace amounts as tabular grains that were distinguished from phlogopitic biotite in one 
NW sample and two NE samples via microprobe analysis.  Clinozoisite is present in all of the 
studied SE samples as idioblastic-hypidioblastic grains that exhibit anomalous blue birefringence 
and inclined extinction in XPL.  Clinozoisite is generally absent or present in trace amounts in all 
northern samples.  Titanite is present in all studied thin-sections as a hypidioblastic or idioblastic 
wedge-shaped accessory mineral.    
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Petrography of NW Calc-silicates 
Ten NW calc-silicate samples have a charactertistic mineral assemblage of cpx + qz + 
amph + kfs + pl + ttn ± bt ± czo ± gr ± cal ± rt (Table 9).  Four samples can be characterized as 
granoblastic, comprised of polygonal clinopyroxene, feldspar, quartz, bladed amphibole, and 
trace amounts of tabular biotite.  Foliation is present in five samples as elongate biotite-feldspar-
quartz-rich layers alternating with granoblastic amphibole-clinopyroxene-rich layers, and in one 
biotite-free sample as elongate grains of quartz, oriented amphibole, and slightly elongate 
clinopyroxene. 
Clinopyroxene comprises 13-45 percent of the visually-estimated modal amount.  The 
smallest grains are 0.25-1.5 mm and equant, exhibiting a granoblastic texture with quartz and 
feldspar.  Clinopyroxene also occurs as 2.5-3.5 mm poikilitic porphyroblasts with inclusions of 
quartz, feldspars, and biotite.  Granoblastic clinopyroxene within a boudinaged calc-silicate lens 
forms large, 1.0-1.5 cm grains that contain numerous inclusions of plagioclase, quartz, apatite, 
and are partially replaced along grain boundaries and along high-strain deformation twins by 
diamond-shaped amphibole grains exhibiting the same optic orientation (Fig. 21).  In foliated-to 
mylonitic samples clinopyroxene can be slightly fractured and altered to fine-grained epidote or 
amphibole along grain-boundaries.     
Quartz is generally present in quantities of 10 to 33 percent, but can reach modal amounts 
of 60 to 70 percent in quartz-rich lenses and layers.  Equant quartz grains range from 0.1-0.5 mm 
in diameter in granoblastic samples, and exhibits undulose exctinction.  In mylonitic thin-section 
domains quartz forms elongate grains (1.0 to 2.5 mm) and ribbons that contain abundant zircon 
and titanite, or 0.05 to 0.1 mm polygonal grains at the margins of rounded feldspar 
50 
porphyroblasts.  Quartz frequently occurs as rounded inclusions in clinopyroxene and 
poikiloblastic amphibole. 
Plagioclase comprises 10-30 percent of the modal amount, occurring as 0.25-1.0 mm 
hypidioblastic grains, and 2.0-3.0 mm rounded porphyroblasts.  Albite twins are common.  
Birefringent minerals along fractures and margins of some plagioclase grains in foliated samples 
indicate local, minor alteration to green and yellow, granular epidote as well as anomalous-blue 
clinozoisite.  In three biotite-bearing foliated samples plagioclase grains exhibit different 
extinction angles in areas broadly corresponding to core and rim locations, suggesting 
compositional zoning (Fig. 22).  
 Nine NW samples contain potassium-feldspar at modal amounts between 8 and 18 
percent, occurring as xenoblastic (0.25-1.5 mm) grains with well-developed microcline twinning 
(Table 10).  Granoblastic grains are often found as inclusions in or in contact with amphibole 
(Fig. 23).  Two samples exhibit alteration of primary potassium-feldspar to chloritized-mica, 
suggested by rounded, twinned microcline grains partially replaced or pseudomorphed by 
randomly-oriented aggregates of peach-colored (PPL) micaceous grains (Fig. 24). Three NW 
samples contain well-rounded, slightly elongate porphyroblasts (0.25 x 1.00 mm) of microcline 
concentrated in quartz-rich lenses and layers at modal amounts of 15-20 percent.  Myrmekitic 
intergrowth of plagioclase and quartz into potassium feldspar is visible in thin-sections of four 
samples (Fig 23).      
Amphibole exists in modal amounts of 15 to 25 percent as idioblastic grains that are 
colorless in PPL.  Amphibole occurs in granoblastic samples as tabular (~0.50 x 1.50 mm), six-
sided crystals displaying good 60/120º prismatic cleavage, and as elongate, bladed grains (~0.20 


















Figure 21. (A)  Poikiloblastic clinopyroxene exhibiting first-order, yellow-orange birefringence in 
XPL occupies most of the field of view in the photomicrograph, and is being altered by numerous, 
isolated diamond-shaped amphibole grains. (B)  The clinopyroxene grain has been rotated to 
extinction to emphasize the similar birefringence and optic orientation of bladed amphibole 
inclusions.  (Sample NW3E) 
Figure 22.  (A) Optical zoning is visible in the plagioclase grain in the center of the 
photomicrograph as different extinction angles in areas broadly corresponding to the core (dark) 
and rims (light) of the grain (XPL). (B) The thin-section is rotated 45°, bringing the right side of 













Figure 23.  Potassium-feldspar exhibits microcline twinning and is often observed as an inclusion 
within or in contact with amphibole grains.  Myrmekitic intergrowth of quartz and plagioclase 
occurs locally along grain boundaries replacing what appears to be pre-existing k-feldspar grains.  
Photomicrograph is of sample NW-12E in XPL.  
Figure 24.  Photomicrograph shows aggregates of fibrous kaolinite or sericite exhibiting a peach 
color in PPL (A), low, first-order birefringence in XPL (B), and appear to be pseudomorphing 
an anhedral grain of what was presumably potassium-feldspar Light-brown (PPL), tabular 
biotite is also pictured. (Sample NW16E).  
Amphibole is often poikiloblastic, containing rounded inclusions feldspar, quartz, 
clinopyroxene, and titanite.  Some amphibole grains invade or completely cross-cut quartz, 
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feldspars, and optically continuous clinopyroxenes, imparting an overprint texture to granoblastic 
samples (Figs. 20, 23).  In foliated samples elongate amphibole blades (~0.20 x 1.00 mm) tend to 
orient parallel to mylonitic and gneissic banding, and can be observed in two thin-sections as 
slightly bent grains wrapped around porphyroblasts of clinopyroxene (Fig. 25)   In granoblastic 
samples and thin-section domains, porphyroblastic and bladed amphiboles exhibit a variety of 
orientations, and are often observed intersecting and overprinting other amphibole grains at 
~60/120º angles (Fig. 26).  In granoblastic and foliated thin-section domains, porphyroblasts of 
amphibole occur as kinked, low-birefringent grains that exhibit undulose extinction or 
polygonization (Fig. 27).  Optically oriented idioblastic grains of amphibole (~0.10-0.25 mm) 
replace the centers and margins of clinopyroxene porphyroblasts in four thin-sections of NW 
calc-silicates (Fig. 21). 
 Biotite is present in thin-sections of five NW samples in trace amounts up to 15 percent 
(Table 10).  Trace biotite occurs in granoblastic thin-section domains as >0.5 mm tabular grains 
that are weakly pleochroic from clear to light-brown (Fig. 24, 25).  Biotite is bladed, slightly 
oriented, and more abundant (~15 percent) in foliated thin-section domains, exhibiting light-
brown-to-brown pleochroism and often concentrated at the margins of slightly elongate 
plagioclase grains.  The presence of phlogopitic biotite and/or muscovite in three NW samples is 
suggested by trace amounts of non-pleochroic, colorless grains in PPL that display excellent 
cleavage in one direction, and exhibit high-order interference colors and birds-eye extinction in 
XPL (Fig. 28).  Biotite grains exhibit local alteration to chlorite, rutile and/or titanite in three 
samples.  Biotite is interpreted to be part of the equilibrium assemblage in foliated biotite-
feldspar-quartz-rich layers.  Tabular, trace biotite occurs in association with plagioclase and is 


















Figure 25.  Photomicrographs of a NW foliated sample NW16E’. (A) in PPL elongate blades of 
amphibole and tabular biotite exhibit a preferred orientation parallel to the horizontal direction in 
the field of view. (B) The same view in XPL. (C) Elongate, fractured amphibole blades are 
slightly bent around the central cpx grain, and an idioblastic amphibole grain overprints a 
different cpx grain at the bottom-left side of the image. (D) The same view in XPL. 
Clinozoisite occurs in six NW calc-silicates and is interpreted as a post-peak phase.  In 
one apatite-biotite-rich foliated sample, clinozoisite occurs in foliated sections as rounded 0.15-
0.30 mm grains at the margins of chlorite and plagioclase in modal amounts of 9 percent (Fig. 
29).  Clinozoisite can be distinguished from retrograde epidote in the sample by a lack of color in 
PPL, inclined extinction in XPL, and anomalous-blue birefringence.  Retrograde clinozoisite is 
present in trace amounts in five NW samples, occurring in isolated patches and fractures of 





Accessory minerals in calc-silicates from the NW sample area include titanite, apatite, 
rutile, zircon, graphite, and calcite.  Titanite is present at modal amounts of 5 percent or less in 
all studied samples, occurring as hypidioblastic 0.3-0.5 mm grains that are colorless in PPL and 
can be found along margins of amphibole and clinopyroxene (Fig. 30).  Hypidioblastic titanites 
occasionally contain rounded inclusions of ~25 µm quartz.  Titanite also forms smaller 
idioblastic 0.1-0.2 mm grains that are concentrated in quartz-rich lenses.  Apatite grains (0.15-0.3 
mm) are rounded-to-hexagonal, and in one sample occur as grains that cluster densely at the 
interface between a fine-grained biotite-rich layer and granoblastic clinopyroxene-rich layer (Fig. 
29).  The presence of primary rutile in is suggested by light-orange to red-orange (PPL) high-
relief granular aggregates or rod-like inclusions in clinopyroxene and amphibole (Fig. 31).  Fine-
grained aggregates of clear (PPL), high-relief, grains along the margins of chloritized-biotite are 
interpreted as retrograde rutile.  Euhedral and rounded zircons (~0.025mm) are present in trace 
amounts and tend to concentrate in quartz-rich lenses and layers.  Trace graphite is present in 
four samples as an elongate (1.75 mm) idioblastic opaque, and also as fine (0.1 mm), xenoblastic 
inclusions in amphibole and clinopyroxene.  Primary calcite is present in one quartz-rich sample 
Figure 26.  Photomicrographs (XPL) of two NW samples showing intergrowths of bladed, 
porphyroblastic amphiboles intersecting at ~60/120º angles. (A) Two intergrown amphiboles in 
sample NW-12E. (B) Two intergrown amphiboles are overprinting a cpx porphyroblast in sample 
NW48E.  
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as xenoblastic, 0.1-1.2 mm grains that exhibit high-order, pastel green and pink interference 




Figure 27.  Photomicrographs of deformed amphibole grains. (A) The amphibole porpyroblast  in 
sample NW-12E is kinked along the left side of the grain. (B) Same view in XPL . (C) XPL image 
of sample NW16E showing an amphibole porphyroblast in the center of view that exhibits undulose 





Figure 28.  Photomicrograph of sample NW16E’showing muscovite occurring with tabular 
biotite, xenobalstic titanite and idioblastic amphibole. (A) Muscovite (center) exhibits one good 





Figure 29.  Photomicrograph in XPL (A) and PPL (B) of an apatite-rich NW calc-silicate containing 
small rounded grains of czo concentrated at the margins of chlorite and plagioclase. The 
clinopyroxene grain in the lower left hand corner of (A) exhibit deformation twins that have been 
bent, fractured, and offset. Rounded-to-hexagonal grains of apatite that appear isotropic are also 
pictured. (Sample NW16E’) 
Petrography of NE Calc-silicates 
 Five calc-silicates collected in the NE portion of the sample area have a characteristic 
mineral assemblage of cpx + qz + pl + rt ± kfs ± bt ± ms ± gr ± cal (Table 9).  Gneissic banding 
and foliation in thin-section is present in all observed NE samples, characterized by mylonitic, 
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quartz-rich (~25% modal amount) layers of elongate clinopyroxene, feldspar, and oriented 
amphibole blades that alternate with granoblastic, clinopyroxene-amphibole-rich (~50-60 % 
combined modal amount) layers.  Foliation is defined by the orientation of bladed amphibole, 
biotite, and quartz ribbons (Fig. 32).   
 
 Figure 30.  Photomicrograph showing idioblastic titanites occurring at the margins of a cpx 




Figure 31.  Photomicrograph in PPL (A) and XPL (B) of granular aggregates of rutile occurring 
as inclusions within a cpx porphyroblast. (Sample NW3E) 
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Clinopyroxene is present in modal amounts of 15 to 35 percent.  Xenoblastic grains with 
a diameter of 0.5 mm are common, though grain sizes between 0.13 mm and 2.30 mm also exist.  
Clinopyroxene porphyroblasts contain inclusions of rod-shaped rutile, rounded quartz, and 
rounded feldspars.  Clinopyroxenes are often overprinted by bladed amphiboles, and in one thin-
section a clinopyroxene grain is positioned in between two amphibole grains exhibiting different 
orientations (Fig. 33).  Elongate and/or fractured clinopyroxene grains occasionally have 
complex zoning patterns displayed by areas of distinct second-order yellow and pink 
birefringence that appear to be related to brittle deformation/fracturing.   
Quartz comprises 10 to 25 percent of the modal amount, and is present as granoblastic 
grains or mylontic ribbons.  Granoblastic quartz occurs as 0.30-0.75 mm grains in non-foliated 
thin-section domains, and in foliated layers as 0.05-0.1mm polygonized grains concentrated 
along the grain-boundaries of rounded feldspar porphyroblasts or as deformed elongate lenses 
that are 0.25-0.75 mm wide and 1.25-2.5 mm long (Fig. 34).      
Amphibole is present in quantities of 17 to 27 percent as idioblastic bladed, elongate 
grains between 0.25 mm and 2.0 mm long that are colorless or weakly pleochroic from clear to 
light green in PPL.  Amphibole grains are generally smaller (~0.15 x 0.50 mm) and more 
acicular relative to amphiboles in NW samples, and exhibit a slight preferred orientation 
demonstrated by parallel alignment of grains length-wise (Fig. 32).  Idioblastic porphyroblasts 
(~0.20-2.00 mm) of amphibole are more common in granoblastic relative to foliated thin-section 
domains, are commonly in contact with other amphiboles and clinopyroxenes, and contain 
rounded inclusions of feldspar, titanite, and quartz.   Deformed amphibole porpyroblasts 
exhibiting subgrain polygonization and first-order yellows in XPL. Blades of amphibole exhibit 
a variety of orientations, with some grains oriented parallel and subparallel to foliation, while 
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others appear to cross-cut the foliation.  In three thin-sections amphibole blades having different 
orientations are intergrown and overprint each other (Fig. 35).  Acicular amphibole also occurs at 




Figure 32.  Photomicrograph of a foliated NE sample in PPL (A) and XPL (B).  Foliation is defined 
by layers of elongate amphiboles, biotites, and quartz lenses oriented parallel to the vertical 
direction in the field of view. (Sample NE119E) 
Plagioclase is present in modal amounts between 10 and 18 percent, occurring as 0.13-
0.50 mm grains with multiple albite twins.  Plagioclase grains in one granoblastic sample 
(NE92E) display distinct core-to-rim extinction patterns that suggest compositional zoning with 
61 
~An60 cores and An45 rims.  Plagioclase zoning is more common in foliated thin-section domains 
relative to granoblastic domains.  Partial replacement of plagioclase by clinozoisite is suggested 
by highly-altered, low-birefringent grains with faint albite-twinning that grade into anomalous 
blue-birefringent areas along margins.  Potassium-feldspar comprises 9 to 15 percent of the 
modal amount in all but one a NE sample. Granoblastic grains are 0.25-0.75 mm in diameter, 
exhibit microcline twinning, and are often included in amphibole porphyroblasts.  In one quartz-
rich NE sample potassium-feldspar grains are rounded or slightly elongate (Fig. 34).  Plagioclase 




Figure 33.  Photomicrograph in PPL (A) and XPL (B) showing two amphiboles of different 
orientations apparently overprinting and nucleating from the margins of a clinopyroxene grain in 
a NE sample (NE92E). 
Biotite is present in trace amounts up to 15 percent in the five NE samples, occurring as 
tabular or bladed grains that are pleochroic from light-brown to brown in PPL (Fig. 32).  
Accessory, tabular biotite (0.25-0.50 mm) occurs in three samples, and has no apparent preferred 
orientation.  Bladed biotite (~0.15 x 1.00 mm) is present in two samples at 12 to 15 percent of 
the modal amount, exhibiting a preferred orientation parallel to the direction of cleavage, and 
local alteration to green-yellow chlorite.  The presence of trace amounts of phlogopitic biotite 
and/or muscovite in two biotite-bearing NE samples is suggested by non-pleochroic, tabular 
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grains with micaceous cleavage that exhibit high-order interference colors and birds-eye 
extinction in XPL.  These grains are located almost exclusively at the margins of or in contact 




Figure 34.  Photomicrograph of foliated qz-rich, biotite-poor NE sample in XPL showing 
elongate lenses and polygonal subgrains of quartz along with rounded porphyroblasts of 




Figure 35.  Photomicrograph in XPL of amphibole grains in a NE sample oriented in number 
of different directions.  Some grains exhibit an overprinting texture (top left) while others 
appear to be intergrown (bottom right). (Sample NE92E) 
Accessory minerals present in NE calc-silicate samples include titanite, apatite, zircon, 
rutile, epidote, graphite, and calcite.  Titanite is present in quantities ≤ 5 percent as hypidioblastic 
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0.25-0.50 mm grains, or wedge-shaped, 0.1-0.2 mm grains.  Larger grains of titanite occasionally 
contain rounded inclusions of quartz, and smaller titanites are often included in amphibole 
porphyroblasts.  In all samples titanite appears in PPL as clear or light-pink, high-relief grains in 
PPL, with the exception of one NE sample (NE115E) containing both clear and pleochroic dark-
pink-to-light-red titanites. Rounded zircons are present in trace amounts as inclusions in 
clinopyroxene, amphibole, and biotite.  Light-orange to brown (PPL) Rutile occurs as rod-shaped 




Figure 36.  Photomicrograph showing a rod-shaped inclusion of rutile within a clinopyroxene 
grain in PPL (A) and XPL (B).  An anhedral titanite grain at the margin of amphibole is also 
pictured. (Sample NW92E) 
Apatite is present in trace amounts as rounded or hexagonal (0.10-0.15 mm) grains.  Primary 
graphite is present at ≤ 5 percent in four out of five samples from the NE, occurring as elongate 
(0.50 -1.75 mm) idioblastic grains concentrated along grain boundaries, and also as a fine-
grained (~0.1 mm) xenoblastic opaque.  Primary calcite is present in one sample, occurring 
interstitially to clinopyroxene, feldspar, and amphibole as 0.13-0.50 mm fine-grained masses, 
and as xenoblastic 0.50 mm grains with well-developed rhombohedral cleavage. 
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Petrography of SE Calc-silicates 
Nine SE calc-silicate gneisses have a characteristic mineral assemblage of cpx + czo + qz 
+ pl + gr ± cal ± amph ± kfs ± rt (Table 9).  Gneissic banding is visible in all thin-sections as 
mylonitic, quartz-rich layers (1.0-2.0 mm) that alternate with clinopyroxene-clinozoisite-rich 
layers (5.0-15.0 mm) (Fig 19).  Five samples can be characterized as granoblastic, with gneissic 
banding of polygonal clinopyroxene, clinozoisite, quartz, and feldspar.  Three samples have a 
moderate-to-strong mylonitic overprint defined by clinopyroxene, clinozoisite, quartz, and 
acicular amphibole grains that have an elongation direction parallel to compositional banding. 
Clinopyroxene, clinozoisite, and titanite often exhibit kink banding and parallel fracture 
segments that are roughly perpendicular to the mylonitic foliation.  The studied SE calc-silicates 
exhibit well-developed deformation fabrics and more extensive alteration to epidote, fine–
grained (0.03-0.5 mm) oxides/hydroxides, and calcite relative to calc-silicates from the NW and 
NE perimeter of Profile Lake. Three samples exhibit a dusty texture in thin-section, 
characterized by fine (0.01-0.03 mm) disseminated material that have rounded, rod-like, and 
square shapes.  The texture may be due to numerous fluid-inclusions, or oxides/hydroxides, 
however distinguishing features such as gas bubbles, color, and other optical properties were not 
able to be identified due to the fine-grained nature of the material.    
Clinopyroxene is present in quantities of 15 to 42 percent.  Granoblastic clinopyroxene 
occurs as 0.25-0.75 mm grains and 1.0-2.0 mm porphyroblasts.  Slightly elongate, augen-shaped 
grains are 0.50 mm wide and 1.25 mm long, and are often mantled or wrapped by acicular 
amphibole (Fig 37).  Clinopyroxene in a boudinaged calc-silicate pod comprises 47 to 50 percent 
of the modal amount as large granoblastic grains (0.5-1.0 cm) with numerous inclusions of 
bladed amphibole, titanite, clinozoisite and graphite.  Fracturing and deformation twins are 
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common.  Alteration of clinopyroxene to calcite, epidote, clinozoisite, and amphibole occurs 
along/within fractures and grain-boundaries (Fig. 38).   
 
 
Figure 37.  Photomicrograph of a mylonitic SE sample in PPL (A) and XPL (B) showing a 
fractured clinopyroxene grain wrapped by acicular amphibole grains. (Sample SE394E) 
Quartz is present in modal amounts between 5 and 25 percent.  Grains are xenoblastic 
and have a diameter of 0.25-1.0 mm in non-foliated samples.  Quartz occurs in mylonitic lenses 
and layers as elongate 0.2 x 0.5 mm grains, and 0.5 x 1.5 mm ribbons, in four samples (Fig. 19).  
Inclusions of rounded zircon and titanite occur in quartz-rich lenses and layers.  Fine-grained 
(>0.03mm) polygonal quartz and broad, rounded suturing are common at the margins of grains in 
foliated and granoblastic samples. 
Clinozoisite occurs in all but one SE calc-silicate in quantities of 5 to 27 percent, 
exhibiting anomalous blue-grey and green-yellow birefringence.  Inclined extinction was 
confirmed in many but not all of the observed grains.  Clinozoisite forms 0.25-1.5 mm 
granoblastic grains and columnar aggregates, as well as1.5-2.5 mm porphyroblasts that partially 
surround nearby quartz, feldspar and clinopyroxene (Fig 38, 39) in both foliated and granoblastic 
thin-section domains.  Clinozoisite is present in foliated samples as fractured, slightly elongate 
porphyroblasts (0.25 x 1.5 mm), or as xenoblastic, interstitial grains (0.50mm) in clinopyroxene-
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rich layers.  Clinozoisite commonly occurs near highly-altered grains of clinopyroxene; an 
association often accompanied by fine-grained masses of calcite and acicular amphibole.  
Chemical zoning of clinozoisite is suggested by extinction patterns in anomalous, dark-blue 
birefringence in central areas of grains that are distinct from extinction angles of areas exhibiting 
light greenish-blue-to-yellow birefringence, usually located at the perimeters of grains.  
Alteration of clinozoisite to epidote is suggested by granular clusters along fractures and grain 
margins that exhibit green-to-pink birefringence in XPL and are light-green in PPL 
 
 
Figure 38.  Photomicrograph of SE sample SE372E in XPL showing twinned cpx cross-cut by a 
late vein of carbonate, and altered to fine-grained granular epidote around the margins. 
Plagioclase was observed in seven out of nine thin-sections of SE samples, occurring in 
amounts of 10 to 35 percent in granoblastic samples and is absent or in trace amounts in foliated 
samples.  Granoblastic plagioclase forms 0.25-0.75 mm grains that display albite twinning and 
have slightly bent, wedge-shaped deformation lamellae.  Xenoblastic plagioclase that is 
interstitial to clinopyroxene commonly exhibits partial alteration to clinozoisite. Alteration to 
fine-grained epidote, calcite, muscovite, and clinozoisite is common along/within factures and 
grain boundaries.  Low-relief, rounded grains exhibiting first-order whites and greys and 
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extensive alteration to fine-grained hydroxides are present in three SE samples, and are 
interpreted as albitized feldspars.  Potassium-feldspar occurs in one of the nine samples as 0.25 
mm granoblastic grains exhibiting distinct microcline twinning, and is present at a modal amount 
of 12 percent.  Trace potassium-feldspar occurs in one boudinaged calc-silicate lens in the SE 
sample area.  Rounded, sutured feldspar grains are common in quartz-rich lenses and layers.  





Amphibole occurs in two SE samples as idioblastic, prismatic grains, or as fine, acicular 
and bladed grains (~ 25 x 100 µm) that are clear or pale-green in PPL, and are often at the 
margins of clinopyroxene in association with calcite (Fig.37, 39, 40).  Idioblastic amphibole 
comprises ~13 percent of the modal amount in the thin-section for a granoblastic boudinaged 
calc-silicate pod thin-section (SE-377E) where it occurs as diamond-shaped grains (60 x 110 µm 
- 110 x 750 µm) included at the margins of clinopyroxene porphyroblasts.  Amphibole is present 
Figure 39.  Photomicrograph in XPL of foliated SE sample showing idioblastic columnar 
aggregates of czo (bottom left) in a deformed quartz lens. Acicular amphibole grains exhibiting 
slight crenulation are also pictured. (Sample SE394E) 
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at a modal amount of 15 percent in one mylonitic sample (SE-394E) as clusters of acicular and 
bladed grains oriented parallel to gneissic foliation and elongate lenses of quartz, and is typically 
compressed around porphyroblasts of clinopyroxene and clinozoisite (Fig. 37, 39).    
 
 
Figure 40.  Photomicrograph in XPL of boudinaged calc-silicate lens sample SE377E. 
Clinopyroxene exhibits alteration to calcite and amphibole.  Plagioclase is altering to clinozoisite. 
Retrograde epidote occurs in trace amounts up to 17 percent as 0.05-0.50 mm grains and 
granular aggregates that are light yellow-green in PPL.  Idioblastic epidote is common in quartz-
rich lenses and layers as columnar aggregates and tabular grains that are closely associated with 
graphite and apatite, or as intergrowths with clinozoisite.  Granular epidote occurs in veins or 
clusters at the margins of clinopyroxene, amphibole, clinozoisite, and titanite. 
Accessory minerals in calc-silicate gneisses form the SE sample area include titanite, 
rutile, ilmenite, hematite, apatite, zircon, graphite, and calcite.  Titanite is present in all studied 
SE samples as clear or light-pink grains occurring in amounts < 5 percent.  Titanite forms 
hypidioblastic 0.5-1.5 mm grains in proximity to clinopyroxene and clinozoisite, and idioblastic 
wedge-shaped grains (<0.25 mm) concentrated in quartz rich layers.  Pleochroic, dark-pink-to-
light-red titanite was observed in thin-sections of four SE calc-silicates. Some titanites contain 
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small opaque inclusions of what appear to be ilmenite (Fig. 41).  Ilmenite inclusions within rutile 
were also observed in one SE sample (Fig. 42A, B) 
 
 
Figure 41.  Photomicrographs in PPL (A) and XPL (B) showing a xenoblastic grain of titanite 
containing small rounded inclusions interpreted as ilmenite (sample SE401E). 
 Rutile occurs in three samples as dark-orange grains included in clinopyroxene, 
associated with titanite, and secondary hematite (Fig. 42).  Apatite is present in modal amounts 
less than 5 percent as hypidioblastic 0.02-0.75 mm grains.  Hexagonal and rounded (>0.1 mm) 
apatite grains occur in epidote-rich thin-section domains.  Rounded, small (<0.1mm) grains of 
zircon are common in quartz-rich layers and lenses.  Graphite is present in all SE samples in 
amounts less than 5 percent as an elongate opaque (~0.05 mm long) and fine xenoblastic grains 
(~0.01 mm), and commonly occur as inclusions in clinopyroxene or along the grain-boundaries 
of clinozoisite, clinopyroxene, and epidote.  Calcite is present in six of the eight studied samples 
as fine-grained masses along fractures and grain boundaries of primary phases, and in one 
sample as xenoblastic grains interstitial to clinopyroxene and clinozoisite where it is interpreted 





Figure 42.  Photomicrographs of SE371E in PPL (A) and XPL (B) showing xenoblastic grains of 
rutile containing opaque inclusions of ilmenite. Sample SE377E in PPL (C) and XPL (D) showing 
rutile coexsisting with titanite.  
U-Pb Titanite Geochronology 
In-situ LA-ICP-MS analyses of U-Pb compositions in titanite were obtained on three 
SMC calc-silicates previously-collected from the northern rim of Profile Lake.  Samples are 
designated as TP-94-36, GC-4, and TP-94-30.  TP-94-36 is a granoblastic calc-silicate from the 
NW sample area, GC-04 is granoblastic, TP-94-30 is foliated, and both are from the NE sample 
area.   
Analyzed titanite grains have lengths of 0.25-0.50 mm, diameters between 0.15 mm and 
0.25 mm, and are inclusion-free with the exception of a rounded quartz-inclusion in one grain. 
Seventeen analyses were discarded due to low U238 beam intensities of 0.010 V or less, resulting 
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in a total of 33 analyses on eleven titanites from all three samples (Appendix C).  Analyzed 
titanites exhibit U-Pb isotope compositions that were up to 97 percent discordant, and could not 
be plotted on a concordia or isochron diagrams.  Isotopic signals were generally weak with low 
initial U-Pb counts ca. 50 cps (counts per second). 206Pb/238U ratios of titanite in samples GC-4 
and TP-94-36 gave Cretaceous dates, though there was a considerable range and several outliers 
in the data.  A weighted average plot of 206Pb/238U ratios of seven spots from three titanite cores 
in TP-94-36 resulted in a mean age of 134 ± 16 Ma after discarding three outlying data points.  
However this data was not corrected for common lead and does not provide reliable constraints 
of the timing of metamorphism. 
Mineral Chemistry 
 Mineral chemical data of amphibole, plagioclase, pyroxene, potassium-feldspar, biotite, 
epidote, and titanite were obtained for six calc-silicate samples.  Analyzed samples include three 
NW calc-silicates; two granoblastic samples, one of which was collected and analyzed in a 
previous study (Anderson, 1995), and one foliated sample, three foliated NE calc-silicates, and 
one foliated calc-silicate from the SE sample area (Table 4).  Representative analyses are listed 
in Table 11 and all mineral chemical analyses are included in Appendices D-J. 
NW Calc-silicate Mineral Chemistry 
 The chemistry of selescted minerals were determined for NW calc-silicates: NW-16E 
(granoblastic) and NW16E’ (foliated).  Data was supplemented by previous analyses from 
granoblastic calc-silicate TP-94-36 (Anderson, 1995).  Eleven analyzed amphibole grains are 
calcic and characterized by (Na + K)A < 0.5 apfu, and Ti < 0.5 apfu according to the amphibole 
classification scheme of Leake et al., (1997) (Appendix D).  Fe3+ calculations followed a 
procedure detailed in Holland and Blundy (1994).  Amphibole cores plot as tremolites, 
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containing 7.9-7.5 apfu Si, 0.09-0.72 apfu Altot , and (Mg/Mg+Fe2+) values between 0.9-1.0 (Fig. 
43).  Rims have Si-contents of 7.35-7.81 apfu, with 0.19- 0.72 apfu of Altot, and are generally 
tremolitic.  Amphibole rims have higher Al-content and tend to be slightly more sodic (~0.02-
0.40 apfu Natot) than cores (0.01-0.17 apfu Natot).  Two large porphyroblastic grains (~1.00 x 
2.75 mm), one analyzed in each sample NW16E and NW16E, are the exceptions to this trend, 
having magnesiohornblende cores with more Na (0.16-0.17 apfu Natot) and twice the Al-content 
(0.62-0.64 apfu Altot) relative to tremolitic rims (0.11-0.12 apfu Natot).  Total Fe ranges from 0.47 
to 0.52 apfu in sample NW16E, and from 0.30 to 0.69 apfu in NW-16E’.  Amphiboles in sample 
NW16E’ have the highest average aluminum-content (0.49 apfu) of the three analyzed NW 
samples (NW-16E: 0.35 apfu, TP-94-36: 0.19 apfu), with the lowest values from samples 
collected in this study obtained from an amphibole inclusion in clinopyroxene (0.31-0.32 apfu 
Altot).  Manganese was measured in amounts of 0.00-0.02 apfu in samples NW16E and TP-94-
36, and 0.00-0.03 apfu in NW16E’.  Chromium and titanium content of amphibole in NW16E 
and TP-94-36 are below detection or present in amounts of 0.01 apfu, and were measured at 
0.00-0.02 apfu in amphiboles from sample NW16E’.  Compositional differences between 
amphiboles in granoblastic and foliated layers of sample NW16E’ were not detected.  Magnesio-
hornblende rim compositions are exhibited by one amphibole grain in sample NW16E and 
individual spot-analyses from three grains in NW16E’, though average rim values of grains in 





Figure 43.  Amphiboles from SMC calc-silicates exhibit tremolitic to actinolitic compositions, 
with a few NW and NE samples plotting as magnesio-hornblende. Classification scheme after 
Leake et al. (1997). 
Three clinopyroxene grains were analyzed in each NW sample collected in this study, 
and two grains were previously analyzed in TP-11-36 (Appendix E).  Clinopyroxene grains from 
all samples are classified as diopside with Mg/(Mg + Fe) values between 0.91-0.89, and Ca/(Ca 
+ Mg + Fe) values of 0.48-0.50 (Fig. 44).  Analyzed clinopyroxene contains 1.94-1.99 apfu of Si, 
0.01-0.04 apfu of Altot, and 0.87-0.94 apfu Mg.  Clinopyroxenes in sample NW16E and NW16E’ 
have Fe compositions between 0.08 and 0.12 apfu, and analytical traverses did not exhibit 
systematic compositional zoning. Clinopyroxenes in granoblastic sample NW16E contain lower 
Fe and higher Si-content relative to foliated NW-16E’, with representative grains from each 
sample containing ternary components wollastonite (Wo), enstatite (En), and ferrosilite (Fs) at a 
content of Wo50.1En45.2Fs4.7 and Wo49.9En46.0Fs4.0, respectively.  A clinopyroxene inclusion in 
amphibole analyzed in sample TP-94-36 has an average composition of Wo48.4En45.6Fs5.9 
determined from two analyses.  A second grain analyzed in TP-94-36 contains the highest 
amount of Fe (0.13 apfu) and lowest Mg-content (0.87) of all three NW samples.  This same 
grain is described as exhibiting a zoning pattern of enrichment and depletion of Fe: 0.09- 0.13 
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apfu relative to Al: 0.01- 0.02 apfu (Anderson, 1995) that was not detected in NW 
clinopyroxenes analyzed during this study.  Clinopyroxenes from all samples contain Mn and Na 
in amounts of 0.00- 0.02 apfu.  Titanium, Cr, and K were not detected. 
 
  
Figure 44.  NW, NE, and SE calc-silicates contain diopside that becomes more Fe-rich from the 
NW to the SE.  
 Five plagioclase grains were analyzed in sample NW16E, and four grains were analyzed 
in NW16E’ (Appendix F).  Core analyses from one plagioclase grain were available for sample 
TP-94-36.  All grains have intermediate An-contents that falling within the range of An30-64, i.e. 
andesine to labradorite, with cores generally being more calcic than rims (Fig. 45).  The analyzed 
plagioclase from sample TP-94-36 has an average core composition of Ab55.7An43.4Or0.9.  
Analyzed plagioclase grains in sample NW16E do not exhibit compositional zoning, with 
representative grains having an average composition of An44.6 and chemical formula of 
(Na0.52Ca0.43K0.01)Al1(Si2.57Al0.43)O8.  Sample NW16E’ contains zoned plagioclase, with average 
core compositions of An55.4 and rim compositions of An45.7.   One rounded plagioclase inclusion 
in a clinopyroxene porphyroblast has a rim composition of An54.0 and an average core 
composition of An56.96.  Zoning of plagioclase in granoblastic layers of NW16E is characterized 
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by eight analyses on two grains as centralized cores with a narrow compositional range of An62 – 
An64, enclosed by chemically distinct An46 – An47 rims that are evenly distributed around the 
perimeter of the grain. In contrast, four analyses on one plagioclase grain in the foliated section 
of the sample exhibit a core composition of An49 – An51 and rim compositions that vary between 
An40 and An43 along a margin bounded by amphibole.  Plagioclase in all analyzed NW samples 
contain negligible amounts of K (0.003-0.010 apfu) and Ba (0.000-0.001 apfu).   
 Four grains of potassium-feldspar were analyzed in sample NW16E and three grains were 
analyzed in NW16E’ (Table 2, 10), and have a representative composition of 
Or92.4Ab6.6Cs0.7An0.2 and Or93.4Ab5.8Cs0.7An0.2, respectively (Fig. 45, Appendix F).  Three 
previous analyses obtained from one potassium-feldspar grain in TP-94-36 yield an average 
composition of Or93.0Ab6.2Cs0.8An0.1 (Anderson, 1995).  Potassium-feldspar in sample NW16E 
contains 0.006-0.012 apfu Ba, the highest Na-content (0.06-0.08 apfu), and lowest Si-content 
relative to samples NW-16E’ and TP-94-36.  One analyzed potassium-feldspar from this sample 
exhibits the opposite trend, containing 0.007 apfu Ba in the core and 0.012 apfu along a rim.  
Barium and sodium compositions are lowest in potassium-feldspar grains analyzed in sample 
NW16E’, which contains 0.004-0.010 apfu Ba and 0.01-0.07 apfu of Na.  Zoning in sample 
NW16E’ is expressed in all three analyzed potassium-feldspar grains as rims containing higher 
Ba , Na, and lower Ca relative to core compositions.  
 Biotite compositions were determined from twelve analyses on three grains from sample 
NW16E’ (Appendix G).   Analyzed biotite is phlogopitic, with Mg/(Mg + Fe) values between 
0.82-0.85 (Fig. 46: Table 11).  Phlogopite XMg values are between 0.75 and 0.78, and Ti-content 
ranges from 0.11 to 0.14 apfu.  Analyzed phlogopites contain 1.23-1.69 apfu K, and 0.84-0.85 




Figure 45.  Feldspars from NW, NE, and SE calc-silicates classify as potassium-feldspar, anorthite, 
andesine and labradorite 
 Sodium is present in amounts between 0.03 and 0.07 apfu.  Chromium is less than 0.01 
apfu.  Phlogopites have Fe2+contents of 0.86-0.95 apfu.  The analyzed phlogopites from sample 
NW16E’ have a representative chemical formula of 
K1.57□0.32Na0.05Ca0.05(Mg4.62Fe2+0.90Al0.37Ti0.13Mn0.01)(Si5.60Al2.40)O20(OH)4.  Compositional 
differences between phlogopite in granoblastic and foliated thin-section and samples were not 
detected.   
NE Calc-silicate Mineral Chemistry 
In-situ mineral chemical analyses were obtained from three NE samples, designated as NE92E, 
NE116E, and NE119E (Table 4).  NE92E is predominately granoblastic, contains trace amounts 
of biotite, and exhibits weak foliation in thin layers (~0.50 mm) of oriented amphibole (~0.50-
1.50 mm long) and elongate feldspars. 
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 Figure 46.  Biotite compositions from NW and NE calc-silicates. 
Samples NE116E and NE119E are more strongly foliated-to-mylonitic and finer-grained, 
containing biotite at modal amounts between 10 and 15 percent.   
Amphibole compositions in the three NE calc-silicates were determined for fourteen 
grains (34 analyses; Appendix D), classifying as calcic amphiboles with (Na + K)A < 0.5 apfu, 
and Ti < 0.5 apfu (Leake et al., 1997) (Fig. 43).  Amphibole grains have Si-contents ranging 
from 7.34 apfu to 7.91 apfu, and Mg/(Mg + Fe2+) values between 0.83-1.00 (Table 11) .  
Variation in aluminum-content of amphibole from 0.11 to 0.71 apfu Altot exists within and 
between samples, with higher Al generally corresponding to slight increases in Na and lower Si. 
Variation of Na and Al content within grains did not appear to systematically correspond to core 
or rim locations of grains.  Total Fe content ranges from 0.60 to 0.88 apfu.  Sodium is present in 
amounts of 0.01-0.14 apfu (Natot).   Chromium and titanium content of amphiboles were below 
detection or measured in amounts ≥0.01 apfu.  Ten out of fourteen grains from the three samples 






 Table 11. Representative mineral chemical analyses for SMC calc-silicates 
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 (Table 11 cont.). Representative mineral chemical analyses for SMC calc-silicates 
 
  Four amphibole grains from two NE samples (NE116E and NE119E) plot as tremolites, 
and occur within granoblastic layers as porphyroblasts with higher Si and Mg (4.31-4.43 apfu). 
Three individual-spot analyses from amphiboles in NE92E and NE119E plot as magnesio-
hornblende, corresponding to the cores of two grains and the rim in one grain, although average 
grain compositions are actinolitic.  Foliated layers contain bladed and acicular amphibole with 
higher Fe-content (0.74-0.88 apfu) relative to granoblastic layers (0.60-0.76 apfu).  Analyzed 
cores and rims of amphibole in samples NE92E and NE116E do not exhibit systematic 
compositional variation.  Core and rim zoning was detected in seven analyses on two idioblastic 
amphibole grains from granoblastic domains in sample NE119E, characterized by high-Si cores 
(7.63 - 7.75 apfu) containing lower Al (0.36-0.42 apfu Altot ) and Fe (0.73-0.76 apfu Fetot), 
relative to rim compositions of 7.35-7.57 apfu Si, 0.43-0.65 apfu Altot and 0.80-0.88 apfu Fe tot.  
One exception to this trend is a small (0.12 x 0.25 mm), diamond-shaped amphibole nucleating 
from the margin of a clinopyroxene grain, having a core composition of 0.49 apfu Altot, 0.88 apfu 
Fetot, and a rim composition of 0.28 apfu Altot, and 0.76 apfu Fetot.  Compositional zoning was 
not detected in three analyses on a large (0.15 x 1.4 mm), bladed amphibole grain overprinting a 
clinopyroxene porphyroblast in sample NE119E, containing ~0.27 apfu Altot, and 0.85 apfu Fetot .   
Twenty-seven analyses were conducted on eight clinopyroxene grains from the three 
analyzed NE calc-silicates (Appendix E).  Clinopyroxene grains from all samples are classified 
as diopside (Fig. 44) with Mg/(Mg + Fe) values between 0.88-0.84, and Ca/(Ca + Mg + Fe) 
values of 0.48-0.50 (Table 11).  Clinopyroxenes contain 1.94-1.99 apfu of Si, and 0.01-0.08 apfu 
of Altot. Core and rim zoning was not detected.  Clinopyroxenes in samples NE92E and NE116E 
contain 0.85-0.90 apfu of Mg and 0.11-0.13 apfu of Fe, with representative grains having a 
composition of Wo50.0En44.5Fs5.5.  Clinopyroxene from the easternmost sample (NE119E) has 
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lower Mg (0.83-0.88) and higher Fe (0.14-0.16 apfu) content relative to the other two samples, 
having a representative composition of Wo49.7En43.4Fs6.9.  Sodium content is between 0.00-0.02 
apfu. Potassium and Mn were measured in amounts ≤ 0.01 apfu.  Titanium and chromium were 
not detected or measured at < 0.15 wt.% oxide concentrations.  
Thirty analyses were obtained from twelve plagioclase grains (Appendix F).  Analyzed 
plagioclase grains in NE samples are anorthitic and unzoned, as well as intermediate and zoned 
(Fig. 45).  Plagioclase with unzoned compositions between An84.2 and An92.9 was detected in 
samples NE116E and NE119E (Table 11).  A rounded plagioclase inclusion in amphibole has a 
similar composition of An90.7.  Small amounts of orthoclase (0.00-1.34 mol %) and celsian (0.00-
0.11 mol %) components are present in calcic-plagioclase.  Intermediate plagioclase was also 
detected in sample NE119E, located interstitially to amphibole and clinopyroxene, with an 
average composition of Ab53.2An45.7Or1.1 determined from two core analyses.  Zoned, 
intermediate plagioclase is present in the coarser-grained, most granoblastic NE sample NE92E, 
having An59.6 - 64.3 cores and An31.4 - 42.4 rims.  Potassium is present in the cores and rims of zoned 
plagioclase in amounts of 0.03 apfu or less.   
Six potassium-feldspar grains were analyzed in two NE samples (Fig. 45).  Potassium-
feldspar was not detected in sample NE116E.  Analyzed grains from both samples exhibit similar 
compositions of Na (0.04-0.07 apfu) and Altot (1.02-1.05 apfu) (Table 11, Appendix F).  A 
chemical formula of (K0.97Na0.18Ba0.02) (Si2.96Al1.04)O8 is representative of analyzed potassium-
feldspar in sample NE92E, containing 0.94-1.01 apfu K, 2.94-2.98 apfu of Si and 0.005-0.009 
apfu Ba (0.64-1.18 mol. % celsian component).  Core and rim zoning was not detected.  
Potassium-feldspar in sample NE-19E has lower K and higher Si and Ba, containing 0.92-0.98 
apfu K, 2.97-3.00 apfu Si, and 0.006-0.020 apfu Ba (0.57-1.55 mol. % celsian).  Compositional 
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zoning was detected in two grains from sample NE119E as rims with higher Ba (0.006-0.009 
apfu) and Altot (1.04-1.05) relative to the cores.  In one of these grains this trend also corresponds 
to higher Na and lower Ca in the rims.  A different core-rim zoning was observed in sample 
NE119E, characterized by three analyses on one potassium-feldspar grain as higher Ba cores 
(0.015-0.017 apfu) and a low Ca rims (0.003 apfu).  Compositions of potassium-feldspar grains 
within granoblastic and foliated layers did not appear to vary systematically within samples.   
 Biotite compositions were determined from nine analyses on three grains from sample 
NE199E (Appendix G).  Analyzed biotite is phlogopitic, containing 2.82-2.89 apfu of Altot, 5.68-
5.76 apfu of Si, and Mg/(Mg + Fe) values between 0.74-0.75 (Fig. 46).  Total iron content ranges 
from 1.27 to 1.32 apfu (Table 11).  Phlogopite XMg values are between 0.61 and 0.63, and Ti-
content ranges from 0.14 apfu to 0.20 apfu.  Zoning was observed in all analyzed grains as cores 
with higher Ti (0.16-0.20 apfu) and K (1.80-1.83 apfu) relative to the rims (0.14-0.18 apfu Ti; 
1.71-1.79 apfu K).  The structural formula 
K1.83□0.13Na0.01(Mg3.73Fe2+1.32Al0.50Ti0.20Mn0.02)(Si5.68Al2.32)O20(OH)4 is representative of 
phlogopite core compositions.  Rim compositions are represented by the formula 
K1.75□0.21Na0.03Ca0.01Ba0.01(Mg3.73Fe2+1.32Al0.57Ti0.15Mn0.02)(Si5.70Al2.30)O20(OH)4.  
 Muscovite compositions were determined by three analyses from one grain in sample 
NE116E, and two grains in sample NE119E (Appendix.I).   All analyzed muscovites contain 
6.18-6.40 apfu Si, 5.11-5.57 apfu Altot, and 1.77-1.98 apfu of K.  Compositions of the two 
analyzed muscovites in sample NE119E are 
K1.78□0.19Na0.04(Al3.68□1.91Mg0.31Fe2+0.10)(Si6.32Al1.68)O20(OH)4 and 
K1.85□0.14Na0.01Ba0.01(Al3.75□1.90Mg0.28 Fe2+0.07)(Si6.18Al1.82)O20(OH)4.  The analyzed muscovite in 
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sample NE-116E has a structural formula of K1.93Na0.03Ba0.02(Al3.56□1.94Mg0.42 
Fe2+0.08)(Si6.33Al1.67)O20(OH)4 based on an average of three analyses.          
SE Calc-silicate Mineral Chemistry 
Mineral chemistry was obtained from one mylonitic SE calc-silicate collected in this 
study; SE394E (Table 4).  Foliation in sample SE394E is characterized by fractured, augen-
shaped porphyroblasts (~0.75 x 1.50 mm) of clinopyroxene and clinozoisite, elongate lenses of 
quartz (~ 0.5 x 1.50 mm), and foliated, acicular amphibole (~ 0.01 x 0.50 mm).  Chemical 
analyses were obtained for amphibole, clinopyroxene, clinozoisite, and titanite (Appendix D, E, 
H, and J, respectively). 
Eleven analyses were conducted on five amphiboles grains from sample SE394E, 
exhibiting calcic compositions with (Na + K)A < 0.5 apfu, and Ti < 0.5 apfu (Table 11; Leake et 
al., 1997).  The amphiboles are actinolites (Fig. 43).  Silica-content ranges from 7.58 to 7.83 
apfu, and Mg/(Mg + Fe2+) values varies from 0.76 to 0.83 (Appendix D).  Analyzed grains 
contain 0.18-0.42 apfu Altot.  Total Fe-content ranges from 1.15 to 1.46 apfu.  Chromium and 
titanium were detected separately in two analyses on different grains at 0.01 apfu.  Zoning is 
observed in all analyzed actinolites as rims with higher Aliv (0.26-0.39 apfu) and lower Si (7.61-
7.74 apfu) relative to the cores (0.20-0.29 apfu Aliv; 7.71-7.80 apfu Si) (Appendix D).  A more 
zoning pattern was detected in all grains as enrichment and depletion of Fetot relative to 
fluctuations in Mg-content that did not appear to correspond to core and rim locations of grains. 
Compositions of clinopyroxene from the SE calc-silicate sample were determined from 
fifteen analyses of five grains (Appendix E).  Analyzed clinopyroxenes are diopsides with 
Ca/(Ca + Mg + Fe) values varying between 0.48 and 0.51, and a large range of Mg/(Mg + Fe) 
values from 0.69 to 0.81 (Fig. 44).  Clinopyroxenes contain 1.95-2.00 apfu of Si, and 0.004-
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0.020 apfu of Altot.  Analytical traverses and core-rim analyses from all grains indicate that 
clinopyroxene compositions of Mg (0.63-0.81 apfu) and Fe (0.19-0.35 apfu) show an inverse 
relationship.  In four of the five analyzed grains cores have higher Mg and lower Fe relative to 
rims, with representative compositions of Wo50.0En39.2Fs10.8 and Wo50.0En36.4Fs13.7, respectively.  
One clinopyroxene grain appears unzoned, having a composition of Wo49.7En37.5Fs12.8 
determined from four analyses.  Manganese compositions are between 0.10 and 0.13 apfu.  
Potassium, Ti, Cr, and Na were below detection or present in amounts less than 0.01 apfu.    
Fifteen analyses were obtained from six grains of clinozoisite in sample SE394E 
(Appendix H).  Analyzed grains contain 2.88-2.99 apfu Si, 2.62-2.94 apfu Altot, 0.22-0.40 apfu 
Fe3+, and 1.91-2.11 apfu of Ca.  Manganese is present in amounts of 0.002-0.010 apfu.  
Magnesium and Na are present in amounts ≤ 0.00 to 0.01 apfu, with the exception of two spot-
analyses from two different grains having values of 0.11 and 0.14 apfu Na.  Barium and K was 
measured at < 0.003 apfu.  Inverse compositional zoning between Fe3+ and Altot is expressed in 
four of the analyzed grains as higher Fe3+ (0.32-0.40 apfu) and lower Altot (2.62-2.78 apfu) in the 
rims relative to the cores (0.22-0.31 apfu Fe3+; 2.70-2.83 apfu Altot).  Values of Si < 2.97 apfu 
(twelve analyses) and Ca < 2.00 apfu (six analyses) and high totals of 100-102 wt. % suggest that 
the analyses may be unreliable for five of the six grains, and/or that unmeasured components, 
possibly Sr, V, or REEs, are present in significant amounts (e.g Franz and Liebscher, 2004).  
Two core and two rim analyses were obtained from one titanite grain (~12.5 x 50 mm) in 
the SE sample SE394E (Appendix J).  An average composition of the analyzed titanite is 
Ca1.03(Ti0.75Al0.20Fe3+0.01)Si1.00(O4.1OH0.90).  Chromium was not detected in one core analysis, but 
was measured at 0.001-0.003 apfu in the other three analyses.  Titanite contains 1.01-1.04 apfu 
Ca, 0.74 apfu Ti, 0.21-0.22 apfu Al, and 0.002 apfu Mg in three of the four analyses, with one 
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rim analysis exhibiting 1.05 apfu Ca, 0.77 apfu Ti, 0.17 apfu Al, and 0.003 apfu Mg (Appendix 
J).  Sodium, Mn, K, and Ba were measured in amounts < 0.07 wt.% oxide concentrations.  
Zoning is suggested by higher Fe and lower Ti detected in the cores relative to the rims.  
Aluminum content between 0.17-0.22 apfu and low analytical totals in the range of 96.3-98.8% 
(including all Fe calculated as Fe2O3) suggest the presence of OH- and/or F- to maintain charge 
balance during the coupled substitution reaction: Ti4+ + O2- = Al3+ + OH-. 
Whole-Rock Geochemistry 
 Major and trace element compositions from twenty calc-silicate gneisses from the 
perimeter of Profile Lake are listed in Table 12.  Analyses were obtained for ten NW samples, 
three NE samples, and seven SE samples, including the six samples analyzed for mineral 
chemistry (Table 4).  Whole-rock major element compositions vary systematically such that 
compositional extremes are primarily from analyses of NW and SE samples, with NE samples 
having intermediate compositions.  Analyzed calc-silicates generally exhibit a similar range of 
trace elements concentrations that overlap in all three sample areas, with the exceptions of Cr, Zn 
and large-ion-lithophile elements (LILEs) Ba, Rb, and Sr.  Compositional outliers are often 
observed in whole-rock analyses of smaller, boudinaged granoblastic calc-silicate lenses located 
at contacts between more extensive gneissic calc-silicate units and biotite-gneisses.  
Major Element Compositions 
Analyzed calc-silicates exhibit a range of SiO2 (53.9-80.9 wt.%), Al2O3 (3.4-12.4 wt.%), FeO 
(1.0-5.9 wt.%), CaO (5.2-21.5 wt.%), MgO (3.3-9.5 wt.%) and K2O (0.04-3.8 wt.%) whole-rock 
compositions (Fig. 47).  SE and NW calc-silicates generally represent end-members in the 
acquired major-element data, with NE calc-silicates having compositional ranges that overlap 
with compositions observed in the other two sample areas. Whole-rock compositions of SiO2, 
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K2O, and MgO are highest in calc-silicates collected in the NW sample area.  SE calc-silicates 
are enriched in TiO2, Al2O3, FeO, MnO, CaO, Na2O, P2O5, and LOI compositions relative to 
calc-silicates from the two northern sample areas. 
Plots of weight percent SiO2 versus major oxides show Al2O3, FeO, CaO, and MnO 
values are inversely correlated with SiO2 content in all of the samples (Fig. 47).  Compositional 
variation of titanium shows a slight negative correlation with SiO2, though three samples from 
the SE and three from the NW deviate from this trend.  Magnesium content is inversely 
correlated with SiO2 in NW and NE samples, and does not appear to systematically vary with 
SiO2 in SE calc-silicates.  Similarly, loss on ignition (LOI) percentages and P2O5 compositions 
generally exhibit a negative correlation with SiO2 in NW samples, and vary unsystematically 
with SiO2 in NE samples. Variation in potassium content does not appear to correlate with SiO2 
in any of the analyzed samples.  Sodium is inversely correlated with SiO2 in NW samples, and 
exhibits a positive correlation with SiO2 in SE and NE samples (Fig. 47). 
Major-elements Si, Al, Fe, Ca, and Mg are the most abundant whole-rock constituents in 
SMC calc-silicates, having a combined oxide concentration ≥ 95 wt.% in all of the analyzed 
samples (Table 12).  Relative to compositions of post-Archean upper-continental crust (PAUCC; 
Taylor and McLennan, 1985) whole-rock compositions of SMC calc-silicates contain similar 
amounts of Si, are enriched in Ca and Mg, and are depleted in Al (Fig. 48).  NW calc-silicates 
have the highest SiO2 (62.6-81.3 wt.%) compositions relative to samples from the NE and SE.  
SiO2 content of NE samples ranges from 64.3 to 66.5 weight percent.  SE calc-silicates contain 
54.5-68.2 wt.% SiO2.  The lowest SiO2 concentrations measured in the NW and SE sample areas 
are from boudinaged calc-silicate lenses (NW3E and SE377E). 
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 SE calc-silicates are enriched in Al2O3 (8.4-12.7 wt.%) and CaO (12.9-22.0 wt.%) 
relative to the northern samples.  NE samples contain 8.0-10.1 wt.% Al2O3 and 10.2-10.9 wt.% 
CaO.  The lowest Al2O3 and CaO compositions are present in NW samples, ranging from 3.4 to 
9.0 wt.% Al2O3 and 5.25 to 12.71 wt.% CaO.  The highest MgO concentrations (4.20-9.53 wt.%) 
are from NW and NE samples.  Six of the seven analyzed SE samples contain 3.3-4.8 wt.% 
MgO, with one boudinaged calc-silicate pod sample having a higher concentration of 8.8 wt.% 
MgO (Table 12, sample SE377E).  FeO content is lowest in analyses of NW calc-silicates (1.0-
3.6 wt.%), increasing to 2.2-3.3 wt.% in NE samples, and to 3.2-6.0 wt.% in SE samples.  
Relative to PAUCC, all northern calc-silicates and three SE calc-silicates are depleted in Fe, and 
four SE calc-silicates contain similar or slightly enriched concentrations of Fe.   
All analyzed calc-silicates contain minor elements K, Na, Mn, Ti, and P in oxide-
amounts less than 4 wt.% that are generally depleted relative to compositions of PAUCC (Fig. 
48).  Calc-silicates from the NW sample area contain the highest quantities and largest range of 
K2O (0.8-3.9 wt.%), followed by NE samples (1.0-3.4 wt. %).  K2O content is between 0.04-0.43 
wt.% in a majority of SE samples, with the exception of the easternmost, potassium-feldspar-
bearing calc-silicate (SE-401E: 2.0 wt.% K2O).  Na2O ranges from 0.17 to 0.99 wt.% in NW 
samples, and from 0.47-0.82 % in NE samples.  SE calc-silicates contain Na2O in amounts of 
0.17-1.17 weight percent.  All analyzed samples are depleted in Na relative to PAUCC.   
Titanium (TiO2) content ranges from 0.18 to 0.51 wt.% in NW samples, 0.42 - 0.51 wt.% 
in NE samples, and slightly increases in SE samples to quantities of 0.38-0.66 wt.% that are 
similar or slightly enriched relative to PAUCC.  Calc-silicate boudins from the NW and SE 
sample areas have the lowest concentrations of TiO2 relative to other samples in each area.  P2O5 
is most abundant in SE calc-silicates in amounts of 0.13-0.39 wt.%, followed by 0.04-0.15 wt.% 
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in NW samples, and 0.08-0.10 wt.% in NE samples.  The highest content (0.64 wt.% P2O5) falls 
outside of these ranges, and comes from a NW sample (NW0E’) containing 5-7 % modal amount 
of apatite.  Six SE calc-silicates and the NW apatite-rich sample are enriched in P2O5 relative to 
PAUCC. 
MnO concentrations range from 0.05 to 0.15 wt.% in SE samples, and from 0.05 to 0.07 
wt. % in NE samples.  Nine of the ten analyzed NW calc-silicates contain MnO in quantities of 
0.04-0.09 weight percent, with a boudinaged calc-silicate lens (NW3E) having a higher 
concentration of 0.21 wt.% MnO.  Relative to PAUCC, Mn enrichments are exhibited in 
compositions of the calc-silicate boudin and the apatite-rich sample from the NW, as well as five 
calc-silicates from the SE.  Loss on ignition (LOI) measurements range from 0.19-1.06 % in NW 
samples, 0.47-0.87 % in NE samples, and 0.21-2.05 % in SE samples, with the highest value 
obtained from the easternmost SE sample (SE401E) containing carbonate at ~ 5 % of the modal 
amount. 
Trace Element Compositions 
Analyzed calc-silicates from all three samples areas contain similar concentrations of Th 
(2.81-12.04 ppm) and rare-earth-elements (REEs) La (7.82-33.20 ppm), Ce (13.90-65.10 ppm), 
and Nd (6.60-32.20 ppm) that are generally depleted relative to PAUCC (Fig. 48).  Compositions 
of Th, La, Ce, and Nd exhibit two distributions in NW samples, characterized by concentrations 
that are ~2.5 times higher in five samples containing phlogopite at trace amounts or greater, 
relative to concentrations of five calc-silicates in which biotite was absent or observed in one 
sample in trace amounts, and three of which are quartz (~30-36 %) and SiO2 (74-81 wt.%) rich 
(Fig. 49). The Y concentration range is 10.93-23.17 ppm in NW samples, 18.90-27.78 ppm in 





Figure 47. Whole-rock concentrations of major-element versus silica in weight percent oxides for 
SMC calc-silicates sampled around the NW (blue), NE (red) and SE (green) perimeter of Profile 
Lake (see Fig. 6).  Concentrations of all major elements excluding K2O and Na2O exhibit near-
linear inverse correlations with SiO2. *All iron is reported as FeO. 
 
 
Figure 48.  Whole-rock major and trace-element concentrations of SMC calc-silicate 
gneisses normalized to values of post-Archean upper continental crust (PAUCC; data from 
Taylor and McLennan, 1985).  
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Yittrium is slightly more concentrated (37.71 ppm) in one apatite-rich NW sample 
(NW0E’).  Compositions of three NW samples, two NE samples, and one SE sample contain Y 
in concentrations >22 ppm that are enriched relative to PAUCC.  Scandium concentrations range 




Figure 49.  Average trace element concentrations of NW bt-bearing calc-silicates are enriched in 
all trace elements excluding Ba, Zr, and Pb relative to qz-rich, bt-poor NW calc-silicates. 
(PAUCC data after Taylor and McLennan, 1985). 
 Niobium concentrations increase from west to east, ranging from 4.71-10.93 ppm in NW 
samples, 7.50-13.24 ppm in NE samples, and 9.53-14.24 ppm in SE calc-silicates.  Eighteen of 
the analyzed calc-silicates are depleted in Nb relative to PAUCC.  Two Nb-enriched calc-
silicates from the SE sample area are the exceptions, containing Nb in quantities of 58.40 ppm 
(SE366E) and 34.30 ppm (SE370E).  Relative to PAUCC, all northern samples are enriched in 
Zr, present in quantities of 322-658 ppm in NW samples and 237-297 ppm in NE samples, with 
NW samples containing1.5-3.5 times the Zr concentration of PAUCC.   
Uranium is present in concentrations of 0.80-3.41 ppm in NW calc-silicates and 1.20-
3.41 ppm in NE samples.  Three NW samples and one NE sample exhibit slight enrichments in 
U relative to compositions of PAUCC.  SE calc-silicates contain 1.71-7.52 ppm of U, with the 
highest concentrations from four samples being enriched relative to PAUCC.  Lead compositions 
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within the range of 4.91-33.50 ppm are observed in calc-silicates from all three samples areas, 
with quantities that are depleted relative to PAUCC.  Average Pb concentrations in biotite-
bearing calc-silicates are slightly depleted relative to phlogopite-poor or absent samples in the 
NW. 
Analyzed calc-silicates from the SE sample area have distinctly different concentrations 
of large-ion-lithophile elements (LILEs) Rb, Ba, and Sr relative to the NW and NE sample areas.  
Rubidium content displays two main distributions: 1) a range of lower concentrations from 1.60 
to 20.56 ppm measured in all but one analyzed SE sample, and 2) a range of higher 
concentrations from 111 to 180 ppm, exhibited in twelve of all the northern samples and one 
potassium-feldspar-bearing SE sample (SE401E).  Barium content has a similar bimodal 
distribution, exhibited in samples with lower concentrations of 111-334 ppm, and a separate 
group of samples that exhibit considerably higher concentrations 725-846 ppm.  Samples 
containing lower concentrations of Ba include six of the seven SE samples, four biotite-bearing 
NW samples, and one NE sample, with all samples containing little to no potassium-feldspar 
(modal amounts < 7%).  Samples with higher Ba concentrations include one SE sample, four 
NW samples and two NE samples (Table 12), all containing potassium-feldspar at modal 
amounts of 13-15 percent (Table 10). SE calc-silicates contain the highest amount and largest 
range of Sr at 152-379 ppm, relative to all northern samples that contain Sr in the range of 111-
195 ppm.  Relative to PAUCC analyzed SMC calc-silicates are generally depleted in Rb, and Sr.  
Six NW samples and two NE samples are enriched in Ba relative to PAUCC, having 
concentrations of 559-880 ppm.  
Trace elements Zn, V, Cr, Ni, Ga and Cu are generally more concentrated in SE samples 
relative to NW and NE samples.  SE calc-silicates are the only samples with compositions that 
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are enriched in Zn relative to PAUCC, containing Zn in concentrations of 132-203 ppm, 
significantly higher than those measured in NW (16-86 ppm) and NE samples (28-72 ppm).  
Vanadium is present in amounts of 21.87-180.34 ppm in all analyzed samples, with the highest 
value obtained from a SE calc-silicate lens (SE377E), and the lowest value from a silica-rich NW 
sample (NW39E).  A bimodal distribution is exhibited by V concentrations of SE samples, 
characterized by the four   Relative to PAUCC, four NW samples, all NE samples, and three SE 
samples are enriched in V, having concentrations > 60 ppm.  Chromium concentrations range 
from 57.14 to 83.45 ppm in SE samples, decreasing systematically to 48.60-55.06 ppm in NE 
samples, and to 21.66-47.44 ppm in NW samples.  SE and NE samples are generally enriched in 
Cr and Ni relative to PAUCC.  Nickel content ranges from 6.82 to 32.30 ppm in all analyzed 
samples, with NE and SE samples having the highest Ni concentrations (21-32 ppm) that are 
slightly enriched relative to PAUCC.  In the NW, five samples are enriched in Cr and three of 
those samples are enriched in Ni relative to PAUCC.  Gallium concentrations range from 3.81-
12.34 ppm in NW samples, to 9.10-14.04 in NE samples, and to 12.40-20.66 ppm in SE samples, 
with eighteen out of twenty samples depleted in Ga relative to PAUCC.  Two SE samples are 
enriched in Ga, measured in amounts of 20.66 and 30.09 ppm (Table 12).  All analyzed SMC 
calc-silicates contain Cu in concentrations less than 5 ppm that are strongly depleted relative to 
PAUCC.  
Whole-Rock Compositional Trends with Distance 
Whole-rock major and trace element concentrations of consecutively-collected samples 
plotted against distance across strike locally increase and decrease from one sample to the next, 
such that alternating compositional fluxes exhibit a zigzag pattern (Fig. 50).  Compositional 
fluctuations are generally ± 1-2 wt.% for most major components, and ± 0.05-0.20 wt.% for 
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minor components TiO2, Na2O3 and P2O5.  Variations in CaO and SiO2 as large as ± 4-7 wt.% 
are observed between some samples.  Trace element fluctuations can vary greatly depending on 
the element, and can be as small as ± 2 ppm and as large as ± 717 ppm.    
Variation of major and trace element compositions with distance reveals similar trends in 
Ca, Mg, Fe, Mn, Zn, and Sc content of all analyzed calc-silicates (Fig. 50).  Calcium and Mg are 
present in similar concentrations, with weight percent CaO values being ~3.0 ± 2.0 higher than 
MgO on average, and exhibit the same trend along the traverse in the NW sample area.  Calcium 
and Mg concentrations diverge in the SE where calc-silicates have lower Mg concentrations that 
are most similar to values of Fe.  Magnesium and Fe concentrations are positively correlated in 
NE and SE samples, and do not clearly co-vary in NW samples.  Positive covariance of Fe with 
Ni concentrations is consistent in NW and NE samples, then ceases in SE samples with Ni 
trending more closely to Al content.  Increases and decreases in Fe content across strike are 
positively correlated with fluctuations of Sc in whole-rock compositions of all samples. 
Silica and Ba content of calc-silicates co-vary with distance in the NW and SE sample 
areas, and exhibit a trend that is similar to variations in K2O and Rb concentrations.  In all 
northern samples K2O, Ba, and Pb concentrations are positively correlated.  Fluctuations in Si 
content of NE samples trend closely to fluctuations in Zr and P content.  In SE samples, trends in 
Rb content are most similar to trends observed in P and K content across strike (Fig. 50).  
Silica, Ba, Rb, and K concentrations of all samples generally exhibit an inverse correlation with 
trends in variation of Ca, Mg, Fe, Mn, Zn, and Sc content.  Strontium concentrations fluctuate 
most consistently with Al, Ni, and Sc concentrations in NW samples, Ba, Rb, and K in NE 
samples, and positively co-vary with Ti, Zr, and Al in SE samples (Fig.50).   
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Aluminum and Ti compositions vary similarly with distance in all samples, and exhibit 
trends that are similar to variations in concentrations of Nb, V, Cr, Ga, Y, La, Ce, Nd, and Th 
(Fig. 50).  Niobium concentrations co-vary positively with Al content.  Variation in Cr content is 
similar to the trend observed in Ti fluctuations. 
 Vanadium exhibits a strong positive correlation with Mn and Fe in all samples, and 
trends closely with concentrations of Cr and Sc in SE samples.  Gallium varies positively with 
Al, Ti, and Fe content in NW samples.  In SE samples, variation of Ga is most similar to 
variation in Zn, exhibiting a trend that is inversely correlated with Ba, Rb, and K content.  
Fluctuations in Y, La, Ce Nd, and Th concentrations are similar to fluctuations in Ti, Al, P, Cr, 
and Ni in NW samples, and trend more closely to Ti and Al in NE and SE samples.      
Metamorphic Temperatures and Fluids  
Hornblende-Plagioclase Thermometry (Holland and Blundy, 1994) 
Temperature estimates from hornblende-plagioclase thermometry (Holland and Blundy, 
1994) were obtained at an assumed 5 and 7 kbar from amphibole and plagioclase compositions 
for two NW samples and three NE samples (Table 13).  Changing the assumed pressure from 5 
kbar to 7 kbar generally resulted in temperature differences of ± 20º, within thermometer error of 
± 40ºC.  Two of the three NE samples (NE116E, NE119E) contain plagioclase with anorthitic 
compositions that are outside the recommended range of the thermometer, resulting in the high 
(~850-1020ºC, reaction 2) and low temperature estimates (219-381ºC, reaction 1).  These 
outlying data are not considered. Estimates derived from amphibole and plagioclase core 
compositions (Appendix D and F) using reaction (1) range from 492 to 553 ± 40ºC for the two 
NW calc-silicates and from 439-687 ± 40ºC for the NE samples.  
Figure 50.  Variation of whole-rock major and trace-element concentrations of SMC calc-silicates from the NW (blue), 
NE (red) and SE (green) perimeter of Profile Lake with distance (m) east from the starting position (Fig. 6).    
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Rim compositions applied to reaction (1) record similar temperatures of 437- 602 ± 40ºC 
in the NW, and 439-679 ± 40ºC in the NE.Core and rim compositions of grains in NW samples 
record temperatures of 691-808 ± 40ºC and 651-706 ± 40ºC, respectively, using reaction (2).  
Estimates for NE calc-silicates derived from reaction (2) range from 630-773 ± 40ºC using 
amphibole and plagioclase cores, and 617- 694 ± 40ºC using rims.  Temperature estimates that 
exhibit the smallest range are those obtained from rim compositions with reaction (2) in samples 
NW16E and NE92E, and from core and rim compositions using reaction (1) in sample NE116E.  
The average temperature for these calculations is 666ºC in NW16E, 622ºC in NE92E, and ~655-
675 ± 40ºC in sample NE116E, with estimates from each sample exhibiting a range ≤ 30ºC, 
within thermometer error.  Calculations involving an intermediate plagioclase in sample NE119E 
result in an average temperature of ~670 ± 40ºC using reaction (2), with estimates of 608-750 ± 
40ºC derived from core compositions, and 635-694 ± 40ºC from rims.   
Titanium-in Biotite Thermometry (Henry et al., 2005) 
Temperature estimates from Titanium–in–Biotite thermometry (Henry et al., 2005) were 
obtained from core and rim analyses on three biotite grains in sample NW16E’, and three grains 
in sample NE119E (Table 14: Appendix G).  Saturation constraints for both samples assumed 
titanite as the titanium-saturating phase, and the presence of muscovite was interpreted as an 
indication of near-aluminum saturation.  Appropriate constraints on oxygen fugacity could only 
be met for graphite-bearing sample NE119E.  Biotite compositions in NW16E’ result in a 
temperature range of 643-672 ± 20ºC averaging at 660 ± 20ºC in the cores, and 653 ±20ºC in the 
rims.  Estimates of 640-678 ± 20ºC are recorded in core compositions of biotites in sample 
NE119E, with a range of 618-666 ± 20ºC obtained from the rims.   
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 Table 13.  Hornblende-plagioclase thermometry results (Holland and Blundy, 1994) 
 
  All analyzed biotites meet the compositional criteria recommended for use of the 
thermometer (Appendix G) and give temperature estimates consistent with results from 
hornblende-plagioclase rim thermometry.  
Pseudosections 
Four T- X(CO2) diagrams and six T-X(O) diagrams were generated from whole-rock 
compositions of five calc-silicates from the NW sample area, three from the NE, and two from 





 Table 14.  Titanium-in-Biotite thermometry results (Henry et al., 2005) 
 
Using this bulk-rock technique, the equilibrium assemblage (A): cpx + amp + kfs + pl + 
ttn was observed in thin-sections of five samples used in calculations (Table 2, 8), and was 
calculated in nine diagrams at temperatures of 500-710º and fluid compositions of X(CO2) ≤ 0.35 
and X(O)≤ 0.8 (Fig. 51-57, 59,60).  The destabilization of rutile and occurrence of titanite 
defines the maximum temperature (~710ºC) predicted for this assemblage, being bound by a 
lower-variance field containing cpx + amp + kfs + pl + ttn + rt at higher temperatures in the nine 
diagrams.  At lower temperatures the occurrence of clinozoisite at ~ 500-550ºC and H2O-rich 
fluid compositions of X(CO2) ≤ 0.05, and X(O) ≤ 0.5 marks the minimum temperature stability 
of assemblage A in seven pseudosections (Figs 51-52,54,56,58-59).  Clinozoisite is stable up to 
~600ºC in one pseudosection generated from the whole-rock compositions of SE sample SE401E 
(Fig. 60).  The stability of the assemblage A is predicted to increase as the fluid becomes more 
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H2O-rich in all T-fluid-composition diagrams.  This can be observed in X(CO2) diagrams as an 
expansion of the  stability field to higher and lower temperatures as X(CO2) decreases from ~0.4 
(Fig. 51).  Similarly, in T-X(O) diagrams the fluid composition X(O) ~0.33 representing 
maximum H2O activity marks the maximum temperature stability of assemblage A, and is also 
the composition at which the assemblage is stable over the largest range of temperatures (Fig 
58). 
The contours of plagioclase and amphibole compositions in pseudosections of samples 
NW16E and NE119E are consistent with the range of measured compositions on the microprobe 
(Fig. 52, 58; Appendix D,F ).  Widely-spaced contours occur in high-variance fields (Fig. 58).  
Contours of amphibole Mg/(Mg + Fetot) compositions and XAn content of plagioclase in sample 
NW16E narrow the stability field of assemblage A from to 580-680ºC and X(CO2) =  0.90-0.35,  
with contours intersecting near X(CO2) =  0.30-0.35 and 650-675ºC (Fig 51).  
 Carbonate-bearing fields become ubiquitous in all pseudosections at conditions of ~500-
600ºC and fluid compositions of X(CO2) > 0.05, and X(O) > 0.4, with calcite and dolomite 
occurring at the expense of clinopyroxene and plagioclase.  Amphibole occurs at most of the 
specified conditions in nine of the ten diagrams, excluding low temperatures (below 550ºC) and 
high X(CO2), X(O) fluids (above 0.4) where it disappears with the appearance of carbonates, 
muscovite, and/or low-temperature phlogopite.  In samples NW12E and NW42E amphibole and 
titanite destabilize at temperatures above 750ºC with the appearance of phlogopite and rutile 
(Fig. 50, 54).  Amphibole was not predicted in the pseudosection generated for sample SE401E, 
consistent with thin-section observations.   
Phlogopite is stable as part of rutile-bearing assemblages at temperatures ≥ 750ºC and all 
fluid compositions in seven of the ten phase diagram sections, including ones generated from 
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biotite-bearing samples (Fig.50-54, 56, 58).  Phlogopite is not predicted to be stable with any 
titanite-bearing assemblages, or within the two pseudosections generated from SE calc-silicate 
samples (Fig. 59, 60).  Potassium-feldspar is predicted in nearly all stability fields in nine of the 
ten diagrams, with the exception of sample NE116E.  In sample NE116E potassium-feldspar is 
absent in amphibole + clinopyroxene + plagioclase-bearing assemblages at temperatures above 
675ºC and all X(CO2) conditions, and in carbonate-bearing assemblages marked by the 
appearance of muscovite and/or phlogopite (Fig. 57).  Potassium-feldspar was not observed in 
thin-section or detected in microprobe analyses of sample NE116E.  Potassium-feldspar is stable 
in all fields within the pseudosection for sample SE377E, and was not observed in thin-section 
(Fig. 59).   
Pseudosections results of samples NE116E and SE401E exhibit the most deviation from 
the observed topologies and assemblages predicted in the other eight diagrams.  In sample 
NE116E, titanite-bearing assemblages are stable only at temperatures below ~600ºC and fluid 
compositions of X(CO2) < 0.15 (Fig. 57).  Phlogopite + rutile-bearing assemblages are stable at 
conditions occupied by the stability field of assemblage A in eight of the diagrams. 
The pseudosection for sample SE401E is dominated by decarbonation reaction curves, 
and is the only diagram in which wollastonite and grossular were predicted (Fig. 60).  Sample 
SE401E is also the only-carbonate-bearing sample used in pseudosection calculations, and 
defining the stability field for the observed assemblage required distinguishing between dolomite 
and calcite in thin-section.  Calcite is interpreted as the only carbonate phase based on the 
anhedral, twinned nature of grains in the sample, and microprobe analyses on carbonate within a 




Figure 51.  Isobaric T-X(O) pseudosection generated from the bulk composition of graphite-
bearing sample NW-12E at 6 kbar.  The assemblage: amph + pl + kfs + cpx + ttn observed in 
thin-section is predicted at temperatures <680ºC and oxygenated fluid compositions of X(O)< 
0.8. Shading represents degrees of variance, such that lighter shades are low variance and darker 
shades are higher variance.  
105 




Figure 52.  Isobaric T-X(CO2) diagram for sample NW16E at 6 kbar.  The assemblage: amph + pl 
+ kfs + cpx + ttn observed in thin-section is predicted at temperatures of ~550-710ºC and fluid 
compositions of X(CO2)< 0.35. Average measured compositions of in amphibole: Mg/(Mg + Fetot) 
0.90 and plagioclase: XAn = 0.45 analyzed on the electron microprobe are consistent with modeled 
compositions (Table 11) and intersect at ~ 675ºC and X(CO2)< 0.35 . Clinozoisite-bearing 






Figure 53.  Isobaric T-X(CO2) pseudosection generated from the bulk composition of  sample 
NW16E’ at 6 kbar.  The assemblage: amph + pl + kfs + cpx + ttn observed in thin-section is 
predicted at temperatures of 575-700ºC and fluid compositions of X(CO2)< 0.35. Shading 
represents degrees of variance, such that lighter shades are low variance and darker shades are 
higher variance.  
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 The pseudosection for sample NW16E provides the narrowest temperature range of 575-
675ºC for the NW sample area, defined by compositions of coexisting amphibole and 
plagioclase. The most reliably constrained temperature estimates for the NE and SE sample areas 
are 555-650ºC and less than 625ºC, respectively.  Maximium temperature stabilities of observed 
assemblages range from 675-725ºC in the five pseudosections for NW samples  
The observed assemblages predicted in pseudosections for NE and SE samples are stable 
at maximum temperatures of 590-675ºC and 540-625ºC, respectively.  Fluid compositions of the 
current assemblage observed in calc-silicates are estimated at X(CO2) = 0.00-0.35 and X(O) = 
0.00-0.79 in the NW, X(CO2) = 0.00-0.1.0 and X(O) = 0.00-0.75 in the NE, and X(O) = 0.33-
0.39 in the SE. This X(O) value corresponds to CO2 conditions of 0-12 mol. %~ via the equation: 
уCO2 ≈ 3* X(O) – 1 / X(O) + 1,  X(O) > 1/3        (3)  
where уCO2 equals the mole fraction of CO2 in a COH fluid (Connolly and Cesare, 1993; 
Connolly, 1995)  There are no consistent differences in pseudosections generated for biotite-
bearing and biotite-poor or absent samples (Fig. 52 and 53).  Results of T-X(O) diagrams for 
graphite-bearing samples at values of X(O) = 0.33-1.00 are similar to results of T-X(CO2) 
diagrams at X(CO2) = 0.00-0.40 (Fig. 52 and 56).      
108 
 




Figure 54.  Isobaric T-X(CO2) pseudosection for sample NW42E at 6 kbar.  The assemblage: 
amph + pl + kfs + cpx + ttn observed in thin-section is predicted at temperatures of 565-690ºC 
and fluid compositions of X(CO2)< 0.4. Shading represents degrees of variance, such that 







Figure 55.  Isobaric T-X(O) pseudosection for sample NW48E at 6 kbar.  The assemblage: 
amph + pl + kfs + cpx + ttn observed in thin-section is predicted at temperatures of 580-725ºC 
and fluid compositions of X(O)< 0.8. Shading represents degrees of variance, such that lighter 






Figure 56.  Isobaric T-X(O) diagram for sample NE92E at 6 kbar.  The assemblage: amph + pl 
+ kfs + cpx + ttn observed in thin-section is predicted at temperatures of 500-650ºC and fluid 
compositions of X(O)≤ 0.8. Shading represents degrees of variance, such that lighter shades are 




Figure 57.  Isobaric T-X(CO2) diagram for sample NW116E at 6 kbar.  The assemblage: amph + 
pl + kfs + cpx + ttn + ms observed in thin-section is predicted at temperatures of 550-585ºC and 
fluid compositions of X(CO2)< 0.1. Shading represents degrees of variance, such that lighter 




Figure 58.  Isobaric T-X(O) diagram for sample NE119E at 6 kbar.  The assemblage: amph + pl + 
kfs + cpx + ttn observed in thin-section is predicted at temperatures of 500-650ºC and fluid 
compositions of X(O)≤ 0.7. Average compositions of amphibole: 0.83 and plagioclase: 0.91 were 
measured with the electron-microprobe (Table 11).  Contours are widely spaced and mineral 
compositions do not vary significantly within high-variance fields. [See caption in Fig. 52] 
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Figure 59.  Isobaric T-X(O) diagram for sample SE377E at 6 kbar.  The assemblage: cpx + pl + 
amph + czo + ttn observed in thin-section is not predicted in the pseudosection.  Shading 
represents degrees of variance, such that lighter shades are low variance and darker shades are 
higher variance.  
114 
 
Figure 60.  Isobaric T-X(O) diagram for sample SE401E at 6 kbar.  The assemblage: pl + kfs + 
cpx + czo + ttn + cal observed in thin-section is predicted to occur at temperatures of 500-600 
ºC.  Shading represents degrees of variance, such that lighter shades are low variance and 
darker shades are higher variance.  
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DISCUSSION 
 Mineralogical, textural, and geochemical signatures of calc-silicates preserve evidence of 
several important stages of crustal evolution in the SMC, including: derivation from post-
Archean, clastic sediments, contiguous deposition of these sediments to form a stratigraphic 
sequence gradational from shales to sandstones, metamorphism associated with at least two 
medium-high-grade thermal events, and two episodes of deformation. 
Protolith of SMC Calc-silicates  
The precursor rocks to calc-silicate gneisses in the SMC can be constrained by whole-
rock geochemistry as well as mineral assemblages, modes, and compositions.  A reliable 
estimation of protolith involves consideration of different igneous, sedimentary, and 
metamorphic processes and their possible effects on element mobility.  Whole-rock major-
element signatures and the proportions of major constituents provide an initial assessment of 
protolith composition that can be refined by bulk trends in trace-element geochemistry.  
Elements such as Zr, Ti, Y, Nb, Cr, Sc, La, Th, Ce, and Nd are often used to infer probable 
protoliths and paleo-tectonic environments of metamorphic rocks (e.g. Hickmott and Spear, 
1992; Burianek and Pertoldova, 2009; Nutman et al., 2010; Giere et al., 2011) because of their 
sensitivity to igneous and sedimentary fractionation processes and immobility during post-
depositional alteration and metamorphism (e.g. Garcia et al, 1991; McLennan et al., 1993; Garcia 
et al., 1994; Polat and Hoffman, 2003).   
Trace element systematics such as Ni-Cr and Th/Sc-Sc can be used to distinguish 
between Archean and post-Archean sources for SMC calc-silicates (e.g. Taylor and McLennan, 
1985; Maslov, 2007).  Calc-silicates contain Cr (23.97-76.43 ppm), Ni (6.82-33.10 ppm), Th/Sc 
(0.24-1.40) and Sc (3.81-11.53 ppm) concentrations that are similar to values of PAUCC, and 
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overlap only slightly with compositions exhibited by Archean metaterrigenous rocks (Fig. 61A, 
B).  This suggests SMC calc-silicates were derived from post-Archean sources, consistent with 
preliminary Sm-Nd mantle model ages of 2.4-2.2 Ga obtained for calc-silicates in previous work 
(Table 1; e.g. Dutrow et al., 1995; Metz, 2010). 
 
 






Figure 61.  (A) Cr-Ni diagram and (B) Th/Sc-Sc diagram shows compositions of SMC calc-
silicates plots closely to values of PAUCC (Taylor and McLennan, 1995), and overlap only 
slightly with compilied compositions of worldwide, Archean metaterrigenous rocks (Maslov, 
2007).  
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Relative proportions of major-elements SiO2, CaO, Al2O3, FeO, and MgO provide insight 
into whether SMC calc-silicates have a carbonate/silicate-rich clastic protoliths or metasomatic 
origins (e.g.Barton et al., 1991; Tracey and Frost 1991).  Calc-silicate enrichment in SiO2 
relative to CaO and MgO is similar to normalized SiO2-CaO-MgO compositions of mudrocks 
that contain subordinate amounts of carbonate (Fig. 61).  Calc-silicate bulk-rock compositions 
normalized to CaO, Al2O3, and FeO + MgO correspond closely to compositions of marls; 
calcareous mudstone or siltsone (e.g. Pettijohn, 1957) and do not deviate into compositional 
realms typical of metasomatic rocks such as skarns (Fig. 63).  The near-linear inverse correlation 
of CaO, MgO, Al2O3, FeO, MnO, and LOI with SiO2 observed within and across the sample 
areas may therefore be due to quartz dilution related to variable amounts of clay and quartzo-
feldspathic material within the protolith (Fig. 47).  Preserved whole-rock compositions and 
mineralogical trends suggest calc-silicates were derived from a clastic sedimentary protolith, and 
represent a stratigraphic, rather than metasomatic unit within the metasedimentary sequence of 
the SMC. 
The positive correlation between Al2O3, TiO2 and nearly all measured trace elements in 
SMC calc-silicates (Fig. 64) further supports the presence of a clay-bearing protolith (e.g. 
McLennan et al., 1990; Condie et al., 2001)  In the NW sample area, the tendency of silica-rich 
(70-80 wt. % SiO2), biotite-poor/absent calc-silicates to contain trace elements in similar 
proportions to, but lower average abundances than biotite-bearing calc-silicates is a 
compositional feature commonly observed between shales and associated coarser-grained 







Figure 62.  Whole-rock compositions of SMC plot in the metacarbonate field to the left of the 
dotted line, and are similar to compositions of mudrocks.  Right of the dotted line represents 
compositions of carbonated mafics (after Winter, 2010).  Compositions of impure limestones and 
dolomites is from Ehlers and Blatt (1982) compiled by Tracey and Frost (1991).  Mudrock data is 
from LaMaskin et al. (2008)  
Trace elements Zr, Ba, and Pb do not positively correlate with Al2O3, and are present in 
higher concentrations within silica-rich/biotite-poor samples relative to biotite-bearing samples 
(Fig. 43).  This can be explained by the incorporation of detrital zircon and preservation of K-
feldspar during clastic sedimentation.  Detrital zircon often accumulates with quartz as a heavy 
mineral in the sand fraction during sedimentation and recycling (e.g. Taylor and McLennan, 
1985; McLennan 1989; McLennan et al., 1990), accounting for enrichment of Zr in quartz-rich, 
NW calc-silicates.  Enrichments in Ba and Pb in silica-rich samples relative to biotite-rich 






Figure 63.  The bulk-rock compositions of NW (blue), NE (red), and SE (green) SMC calc-
silicates are plotted on a CaO-Al2O3-FeO+MgO (wt. %) ternary diagram. General bulk 
compositions of unaltered arkoses, pelites, greywackes, marls, and carbonates are represented by 
light-grey shaded fields, and schematic compositions for metasomatic types are italicized and 
outlined in brown (after Barton et al., 1991).  Unaltered mafic rock compositions are represented 
by dark-grey shaded fields (after Winter, 2010).  
celsian component in detrital potassium-feldspars containing Pb, and deposited with quartz in the 
sandy portion of the protolith, as potassium-feldspar is more resistant to chemical weathering 
than plagioclase (e.g. Grant, 1963; Nesbitt and Young, 1989).  Depending on the source, i.e. 
granitic rocks, potassium-feldspar can be an abundant constituent in fluvial sands (e.g. Nesbitt et 
al., 1996).  This hypothesis is supported by the presence of abundant microcline porphyroblasts 
and zircons in segregated quartz lenses within three silica-rich NW calc-silicates (Fig. 34), and 
the detection of BaO in concentrations of 0.25-0.95 weight percent in all analyzed potassium-






Figure 64.  Whole-rock compositions of select trace-elements and Ti exhibit a positive correlation 
with Al2O3 in SMC calc-silicates (with the exception of Zr; see text for explanation) suggesting 
these components were bound in clays. 
The inverse enrichment trends in whole-rock geochemistry between silica-rich/biotite 
poor and biotite-bearing calc-silicates in the NW are also observed more broadly over the entire 
NW-NE-SE sample area.  Overall measured amounts of CaO, MgO, Al2O3, FeO, MnO, TiO2, and 
most trace elements become increasingly more concentrated relative to SiO2, Zr, and Ba moving 
from the NW to the NE and then the SE sample area.  This suggests a general west-to-east 
increase in the relative amount of carbonate and clay material within SMC calc-silicates, with 
NW and NE samples having protoliths similar to carbonate-bearing sandstones, and the protolith 
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of SE samples being more similar to calcareous shales (marls).  This is supported by the 
representation of calc-silicate bulk-rock compositions on the ternary Al-Zr-Ti diagram, thought 
to eliminate the effects of weathering and highlight the effects of sedimentary sorting (Garcia et 
al., 1994), with SMC calc-silicates exhibiting a near-linear variation along a sandstone-shale 
continuum (Fig 65).  This bimodal character of SMC calc-silicates may also be responsible for 
the geochemical fluctuations observed with distance across-strike, reflecting sedimentary 






Figure 65.  Whole-rock compositions of SMC calc-silicates fall within the continuum between 
sandstone and shales (grey) on a ternary Al-Zr-Ti diagram (after Garcia et al., 1994).  The field 
outlined by the dashed line represents the typical curved trend exhibited in whole-rock 
compositions of rocks derived from calc-alkaline plutonic suites.  Oxides are expressed in 
weight percent, with Al2O3 weighted by a factor of 15 and TiO2 by a factor of 300.  Zr is in 
ppm.  The shale-sandstone and granite-gabbro continuums are defined by world-wide trends in 
whole-rock data from twelve published studies compiled by Garcia et al. (1994). 
Protolith contributions from differentiated igneous/volcaniclastic material may exhibit 
silicic/felsic-to-mafic trends similar to those of SMC calc-silicates, however the proportions of 
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compatible to incompatible elements in high-Zr, siliceous NW samples relative to all other calc-
silicates containing lower Si contents is not consistent with derivation from (unweathered) 
igneous rocks.  Higher concentrations of incompatible elements such as Ti, Nb, Th, Ce, Nd 
reside in samples with higher concentrations of Fe, Al, Ni, Cr, and Sc, relative to concentrations 
in high-Zr, silica-rich samples (Fig.50,64).  Due to the tendency of incompatible elements to 
concentrate in late, siliceous, residual melts and/or early partial melts, silica-rich samples derived 
from igneous protoliths would likely contain high concentrations of Th, Ce, Nd, and La that 
positively co-vary with Zr and SiO2.  Major elements such as Fe and compatible elements Ni, Cr, 
and Sc concentrate in early crystallizing mafic phases, consequently an igneous protolith rich in 
these components is expected to contain low abundances of incompatible elements.  Furthermore 
SMC calc-silicates do not exhibit geochemical trends typical of calc-alkaline igneous suites on 
the Al-Zr-Ti diagram (Fig. 65; Garcia et al., 1994).  The overall depletion of compatible 
elements in addition to incompatible trace elements in silica-rich NW samples relative to all 
other analyzed SMC calc-silicates are inconsistent with fractionation processes common in suites 
of igneous rocks, suggesting SMC calc-silicates were not derived from igneous rocks.  
Metasomatic addition of Si, Zr, and Ba via diffusion or infiltration through associated 
felsic veins could account for the residual dilution or enrichment in all other major and trace 
elements observed in silica-rich NW calc-silicates.  Barium can easily mobilize during 
metasomatism due to the high solubility of large-ion-lithophiles (LILE) in aqueous fluids, and 
mobilization of Si by metamorphic fluids has been documented in some studies on 
metasomatized calc-silicates (e.g. Barton et al., 1991; Ague, 2003; Ordonez-Calderon et al., 
2008).  In contrast, Zr is generally thought to exhibit low solubility in aqueous fluids, suggesting 
it is unaffected by alteration and metasomatic processes (e.g. Ayers and Watson, 1991; Corfu 
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and Davis, 1991; Barrett and MacLean, 1994).  Other lines of evidence suggest Zr can mobilize 
in aqueous fluids during low-grade metamorphism and diagenesis due to complexation reactions 
with halogen-rich fluids and in some cases, carbonates (e.g. Hole et al., 1992; Rubin et al., 1993; 
Jiang, 2000; Rasmussen, 2005).  However the documented occurrences of Zr mobility are almost 
always associated with simultaneous mobilization of other similarly behaving elements such as 
Nb, Ti, Y, Th, and REEs La, Nd, and Ce, a feature that is not observed in Zr-rich SMC calc-
silicates.  Additionally, Zr-rich calc-silicates preserve little mineralogical evidence of halogen or 
carbonate-rich fluids in thin-section, containing trace amounts of apatite, and in one sample, 
trace amounts of carbonate.  Although the chemistries of other possible halogen-bearing phases 
such as apatite were not microanalyzed, low modal amounts of apatite and carbonates observed 
in thin-section are supported by low LOI content and low concentrations of P2O5 in Zr-rich 
samples relative to all other analyzed samples.   
Whole-rock major and trace element geochemical trends suggest SMC calc-silicates were 
derived from post-Archean sediments. Enrichments trends in traces elements such as Zr, Ba, and 
Si relative to Al, Ti, REE, Th, and Sc are similar to trends produced by sedimentary sorting of 
heavy minerals and residual quartz dilution in sandy detritus.  Geochemical variations observed 
across-strike in SMC calc-silicates are therefore interpreted as deposition of a contiguous 
sandstone-to-shale sequence from NW to SE, with protoliths containing varying proportions of 
clay and quartzo-feldspathic material.  
Depositional Environment and Tectonic Setting  
The transition from calcareous shale to sandstones from the SE to the NW is 
characteristic of sedimentary facies transitions from deep-water slope deposits to shallow-water 
shelf deposits.  Whole-rock trace-element ratios Th/Sc and Zr/Sc are also used to distinguish 
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between evolved and juvenile sediment sources and the extent of sorting and recycling 
experienced by sediments (Taylor and McLennan, 1985; McLennan et al., 1990).  This is based 
on the general trend of higher Th/Sc (≥1.0) and Zr/Sc (≥10) values in sediments derived from 
evolved continental sediment sources relative to sediments supplied by juvenile, mafic sources 
(Roser et al., 1996).  One of the most striking geochemical characteristics of NW calc-silicates is 
their enrichment in bulk-rock Zr up to 3.5 times that of PAUCC, with relatively constant Th/Sc 
values of ~1.0 near compositions of PAUCC, suggesting they were derived from post-Archean 
continental sediments that underwent sedimentary sorting (Fig. 65).  Enrichment in Zr due to 
sedimentary sorting is characteristic of passive-margin type sediments, as the effects of sorting, 
recycling, and maturation are minimal in sediments deposited in active margin settings (Roser et 
al., 1996).  
Sedimentary processes can also affect bulk-compositions of Ti, La, Ce, Nd, and Th due to 
accumulation of Ti-oxides, monazite, and apatite into the coarse-grained, sandy fraction of 
sediments during heavy mineral sorting (e.g. Fletcher et al., 1992; Morton and Hallsworth, 
1999).  Evidence for Ti-fractionation in SMC calc-silicates stems from abundant titanite 
observed with zircon in quartz-rich layers in thin-section.  Despite this observation, Zr-rich NW 
calc-silicates contain lower concentrations of TiO2 (0.23-0.25 wt. %) relative to biotite-bearing 
samples, with total TiO2 content of all analyzed calc-silicates exhibiting little variation across 
strike.  Monazite was rarely observed (Table 10), qualitatively suggesting its effects on whole-
rock trace-element concentrations are minimal.  The sample with the highest modal amount of 
apatite is biotite-rich (Table 10), and the effects of apatite are obvious in bulk P2O5 
concentrations that are 4.3 times higher than PAUCC, however the sample is only slightly 






Figure 65. Trace element plot of whole-rock Th/Sc versus Zr/Sc suggesting SMC calc-silicates 
were derived from a continental source and exhibit a pronounced trend of sedimentary 
recycling/sorting characterized by Zr enrichment (after McLennan et al. 1993).  
Whole-rock compositions of Ti, La, Ce, Nd, and Th within all analyzed SMC calc-
silicates are similar to, or slightly less than compositions of PAUCC (Fig. 48), suggesting the 
effects of sedimentary sorting on bulk concentrations of these elements are minor, and can be 
attributed to dilution from quartz and probably carbonate.  These observations are consistent with 
results of other whole-rock geochemical studies that suggest fractionation of heavy minerals in 
coarse as well as fine-grained sediments does not usually result in abundances high enough to 
alter bulk-rock concentrations (Taylor and McLennan, 1995), and sedimentary sorting processes 
have a minimal impact on the total and relative abundances of Ti, Th, Nb, Y, Ga, Al, Sc, and 
light REEs: La, Ce, Nd (McLennan et al., 1980; Taylor and McLennan, 1985; Garcia et al., 
1994).   
 The calcareous sandstone-to-shale sequence represented by SMC calc-silicates may 
reflect a deep-to-shallow-water transition of well-sorted, mature sediments deposited in a 
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passive-margin setting.  The effects of sedimentary sorting on whole-rock compositions of SMC 
calc-silicates seem to have been largely restricted to Zr content in the NW sample area.  
Calc-silicate Metamorphism, Deformation, and Mineral Paragenesis 
Mineralogy and petrographic textures along with thermobarometry and pseudosection 
results suggest SMC calc-silicates experienced at least two thermal events (M1, M2) and two 
deformation events (D1, D2).  Peak metamorphism (M1) is indicated by the occurrence of 
diopside that with granoblastic quartz, plagioclase, and potassium-feldspar (Fig. 18).  Apparent 
textural equilibrium between granoblastic phases and the occurrence of phlopite and rutile 
inclusions within clinopyroxene forms the diagnostic peak metamorphic M1 assemblage: cpx + 
qz + kfs + pl + rt ± phl.  Based on pseudosection results from samples NW-12E (Fig. 51) and 
NW48E (Fig. 54), M1 temperatures are estimated at >750-775ºC, and may have been associated 
with an oxygenated, H2O-CO2 fluid (XO> 0.35).   In SW calc-silicates, Ilmenite and dolomite 
and/or calcite may have been part of the peak assemblage, suggested by interstitial carbonate that 
appears texturally equilibrated with clinopyroxene in one sample and ilmenite rimmed by rutile 
and titanite in two samples (Fig. 41, 42).  Similar conditions of M1 peak metamorphism are 
estimated for the NW, NE, and SE sample areas, suggested by the presence of diopside 
containing rutile inclusions in at least one calc-silicate from each sample area.  M1 may represent 
the peak stages of burial during crustal thickening. 
A deformation event (D1) following peak metamorphism is indicated by deformation 
twinning in clinopyroxene.  This texture represents a crystallographic response to shear stress 
(e.g. Raleigh and Talbot, 1967) that is often observed in clinopyroxene grains associated with 
high strain environments,  shock metamorphism, syn-seismic loading, and thrust faulting (e.g. 
Raleigh and Talbot, 1967; Kollie and Blacic, 1982; Godard et al., 1995; Trepmann and 
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Stockhert, 2001).  The high strain associated with deformation twins in clinopyroxene, and their 
ubiquitous occurence in SMC calc-silicates, suggests D1 deformation was distributed over a 
wide area, and may reflect proximity to a deep-seated shear zone, thrusting, or a convergent 
margin developed after the peak stages of crustal thickening. 
A post-peak amphibolite-facies event (M2) is associated with the growth of elongate, 
randomly-oriented blades of poikiloblastic amphibole (Fig. 23).  These amphiboles 
poikiloblastically overprint granoblastic phases and deformation twins in clinopyroxene, do not 
exhibit signs of deformation, suggesting they post-date M1 and D1 (Fig. 20).  The diagnostic M2 
assemblage is interpreted as:  cpx + qz + amph + kfs + pl + ttn, and is the assemblage observed 
most-often in thin-section, corresponding to “assemblage A” or “observed assemblage” in 
pseudosections.  In NW and NE samples, the close association between microcline and 
amphibole (Fig. 23) and the occurrence of titanite at the margins of amphibole (Fig. 36) and cpx 




   titanite         k-feldspar 
6CaTiSiO5 + KAlSi2O8                 (4) 
    phlogopite                diopside                              rutile  quartz            tremolite 
KMg3AlSi3O10(OH)2 + 12CaMgSi2O6 + 2H2O + 6TiO2 + SiO2 → 3Ca2Mg5Si8O22(OH)2 +  
 Based on Hornblende-Plagioclase thermometry (Table 13) and pseudosection results (e.g 
Fig.53, 55), M2 is associated with temperatures of ~550-750 ± 40ºC, and H2O-rich fluids (XCO2 ~ 
0.34).  Titanium-in-Biotite estimates of 640-650 ± 20ºC are consistent with hornblende-
plagioclase and pseudosection results.  In SE samples with lower whole-rock concentrations of 
K2O and MgO that do not contain amphibole and microcline, clinozoisite and carbonate are 
diagnostic M2 phases (Fig. 59, 60).  The euhedral, poikiloblastic, randomly-oriented nature of 
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amphibole suggests M2 was a relatively static event associated with sufficient heat and/or fluids 
to promote diffusion and rapid porphyroblast growth.  H2O-rich fluids may have been derived 
from the breakdown of phlogopite within the calc-silicates and/or the infiltration of fluids from 
nearby pelitic units.      
A brittle-ductile deformation event (D2) is evidenced by mylonitic lenses of ribbon 
quartz (Fig. 27).  D2 deformation resulted in fractures within clinopyroxene grains that cross-cut 
and offset deformation twins as well as bent, fractured, and elongate grains of amphibole, titanite 
and plagioclase, suggesting it is a late-stage event that postdates M1, D1, and M2 (Fig. 25, 29, 
32).  Strain associated with D2 is heterogenous, being more pronounced in SE calc-silicates, and 
quartzose and biotite-rich units in the NW and NE, and may represent exhumation of calc-
silicates to the brittle-ductile transition at ~ 300 ºC, 3-4 kbar (e.g. Anderson, 1995), possibly 
during an extensional event. 
The M1 and M2 thermal events as well as D2 deformation recorded in SMC calc-silicates 
are consistent with the range of P-T conditions from separate SMC lithologies reported in 
previous studies (Anderson, 1995; Dutrow et al., 1995; Metz, 2010).  Calc-silicates in this study 
also record an earlier, high-grade D1 event.  Amphiboles exhibit multiple orientations (Fig. 35) 
and their occurrence as porphyroblasts suggests growth at high temperatures, while smaller 
amphibole grains nucleating from clinopyroxene (Fig. 21) and other amphiboles (Fig. 23) 
suggest growth at lower amphibolite-facies tempertures.  The textural diversity displayed in 
amphiboles may reflect continuous, but varying mechanisms of growth during M2, or more than 
one amphibolite-facies event.   
Differences in temperature estimates between NW and NE samples are within error 
associated with applied geothermometers, and do not appear to indicate a change in metamorphic 
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grade.  The maximum stabilities of observed assemblages are predicted at slightly higher 
temperatures (~50 ºC) in pseudosections for NW calc-silicates relative to NE and SE samples.  
However this may reflect greater variation in the larger number of pseudosections generated for 
NW samples relative to NE and SE samples.  This suggests NW, NE, and SE calc-silicates likely 
experienced similar metamorphic conditions.  
Inconsistencies observed between thin-section and pseudosections such as the absence of 
assemblages containing coexisting phlogopite, amphibole, k-feldspar, and titanite may be due to 
metasomatic modification of bulk-rock compositions, or equilibrium not being achieved within 
the entire chemical system.  SE calc-silicates exhibit some petrographic evidence for 
metasomatic alteration, such as a reduced number of coexisting phases and abrupt changes in 
mineral stabilities and modes, however these characteristics are not observed in NW and NE 
calc-silicates.  Whole-rock CaO-Al2O3-FeO+MgO compositions of NW, NE and SE calc-
silicates also do not plot in fields typical of metasomatized lithologies, suggesting psuedosection 
inconsistensies are not due to metasomatic alteration of bulk-rock compositions (Fig. 63).    
The exclusion of a biotite solution model is also a potential source of error in 
pseudosection calculations.  Incorporating a biotite solution model had the effect of eliminating 
potassium-feldspar, amphibole, and/or titanite from the predicted assemblages, suggesting one of 
the phases is not part of the equilibrium assemblage.  Abundant potassium-feldspar, amphibole, 
and titanite were often associated and observed in textural equilibrium in thin-section, whereas 
biotite was generally observed in trace amounts or in segregated layers (Fig. 32).  The tendency 
of phl-cpx-rt-bearing assemblages to occur separately from amph-kfs-ttn-bearing assemblages in 
pseudosection results suggests the assemblage: cpx + qz + amph + kfs + pl + phl + ttn ± rt, 
observed in many NW and NE calc-silicates, may reflect multiple, relict equilibria. 
130 
Mineral stabilities, modes, and chemical trends observed in SMC calc-silicates 
correspond well with major-element whole-rock compositions.  Quartz and feldspar-rich calc-
silicates contain the highest whole-rock concentrations of SiO2 (Fig. 47) Whole-rock 
concentrations of CaO correlate positively with MgO in NW and NE samples, and are highest in 
samples containing high modal amounts of amphibole and diopside, suggesting CaO and MgO 
are hosted primarily in diopside and amphibole.  Lower bulk-rock concentrations of MgO in SE 
samples correspond to an absence of biotite and decreased modes of amphibole observed in thin-
section. Chemographic projection of mineral stabilities and compositions the CMS and CAS 
systems lends further support to bulk-rock compositions being the controlling factor for higher 
modal amounts of amphibole observed in NW samples and higher modes of carbonate and 
clinozoisite/zoisite in SE samples (Fig. 65).   
Calc-silicates containing biotite have the highest whole-rock concentrations of FeO in the 
NW and NE sample areas.  In SE calc-silicates FeO is positively correlated with MgO, and 
higher FeO is associated with the presence of amphibole in two samples.  Whole-rock 
concentrations of Al2O3 correlate positively with FeO and Na2O in NW samples, and TiO2 in all 
samples, with higher Al2O3 concentrations corresponding to higher modal amounts of biotite and 
plagioclase in the NW and NE.  In SE calc-silicates high Al2O3 concentrations correspond to 
higher modal amounts of clinozoisite and epidote, with Al2O3 being positively correlated with 
CaO.  Potassium-feldspar is the primary host of K2O, suggested by a strong positive correlation 
between modal amounts of microcline in NW, NE, and one SE sample.  Whole-rock 
concentrations of Na2O are positively correlated with CaO, MgO, and Al2O3 in NW calc-
silicates, with samples containing high modal amounts of amphibole + plagioclase having the 
highest whole-rock Na2O concentrations (Fig. 50).  In SE samples Na2O co-varies positively 
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with K2O and SiO2, and is most concentrated in samples containing plagioclase (Fig. 47).  
Whole-rock concentrations of MnO are positively correlated with FeO in all samples, and MgO 
in SE samples (Fig. 47, 50), corresponding to high modal amounts of biotite and clinopyroxene 
in NW calc-silicates, and high modal amounts of clinopyroxene and amphibole in SE samples.  
High whole-rock concentrations of TiO2 are observed in northern samples containing high modal 
amounts of biotite and titanite, and in SE samples containing rutile, titanite, and ilmenite, 
suggesting these phases are the primary hosts of Ti in each area.  
The increase in whole-rock Al2O3 concentrations from the NW to the NE sample area is 
also observed in the Al-content of biotite and plagioclase in NW and NE calc-silicates.  The 
positive correlation of higher total Na content with Al2O3 and negative correlation with SiO2 in 
amphiboles of NW relative to NE samples is also observed in relative abundances and 
correlations of whole-rock Na2O, Al2O3, and SiO2 concentrations (Fig. 47).  Increases in whole-
rock concentrations of MnO correspond to higher MnO content of pyroxene.  Higher 
concentrations of whole-rock FeO corresponds to higher amounts of FeO in biotite, amphibole, 
and diopside, with the positive correlation of FeO and MgO in mineral chemistry as well as 
whole-rock geochemistry exhibited most clearly in compositions of SE samples (Fig. 43, 44, 46). 
Petrographic textures and metamorphic conditions reported in this study suggest NW, NE 
and SE calc-silicates have experienced the same metamorphic conditions as other SMC 
lithologies, and that variation in mineral compositions and modes within calc-silicates appear to 
be largely controlled by whole-rock compositions of original sedimentary protoliths rather than 
metamorphic grade.  Evidence for distinct thermal and deformation events, textural diversity and 
multiple orientations exhibited by amphiboles, and pseudosection inconsistencies suggest the 
assemblage: cpx + qz + amph + kfs + pl + phl + ttn ± rt may represent multiple, relict equilibria 
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in calc-silicates that have experienced a polymetamorphic history, rather than burial and 
exhumation along a single P-T path.  
        
Chemographic Projection of SMC calc-silicates in the CMS system at 6 kbar + H2O + CO2 
 
Chemographic Projection of SMC calc-silicates in the CAS system at 6 kbar, + qz + H2O + CO2 







Figure 65.  The bulk-rock compositions of calc-silicates in the simplified CMS and CAS 
systems suggests the presence of amphibole and lack of calcite and clinozoisite in NW samples 
relative to SE samples is explained by differences in bulk-rock compositions.  Bulk-rock 
compositions have been renormalized to exclude contributions from other phases not 
considered. All chemographic calculations were conducted in Perple_X v.6.6.8 (Connolly, 
2005; Connolly, 2009) using thermodynamic and end-member compositional data from the 
Holland and Powell (2002) dataset.  
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Geochronology 
Evidence that the Sawtooth Metamorphic Complex is Precambrian stems from its initial 
mapping (Reid, 1961), and previous work suggesting that the rocks are high-grade transitional 
granulites with Paleoproterozoic Sm-Nd depleted-mantle model ages and contain Proterozoic 
detrital zircons (Dutrow et al., 1995; Bergeron, 2012).  The discordant 134 ± 14 Ma ages from 
U-Pb titanite geochronology suggest that titanites were altered /recrystallized during the 
Mesozoic.  This date may be associated with the initial intrusion of the Idaho Batholith during 
the Cretaceous  
Similarities between SMC Calc-silicates and nearby Precambrian Terranes 
Geochemical signatures of SMC calc-silicates do not indicate an association with 
Archean sediments, or juvenile, magmatic-arc sediments associated with the Paleoproterozoic 
Selway terrane (Fig. 61, 65).  The Selway is proposed to be a fertile region enriched in 
incompatible, heat producing elments (Foster et al., 2006), however NW and NE calc-silicates 
contain incompatible elements, such as Ni, Sc, Th, at or below PAUCC values, and SE samples 
are only slightly enriched in Ni and Cr (Fig. 48).  Whole-rock geochemical trends of calc-
silicates are not consistent with trends exhibited in igneous rocks, and Th/Sc-Sc systematics do 
not indicate derivation from a juvenile sediment source (Fig. 65).  Various lines of geochemical 
evidence suggests the protoliths of SMC calc-silicates were likely mature, well-sorted and 
recycled continental sediments, which typically occur in passive margin depositional settings 
(McLennan, 1990; Taylor and McLennan, 1995; Roser et al., 1996).  These geochemical 
signatures are inconsistent with the hypothesis that the SMC is a component of the 
Paleoproterozoic Selway terrane, which is interpreted as metamorphosed juvenile and Archean 
continental sediments deposited in an active-margin setting (Foster et al., 2006).   
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SMC calc-silicates have compositions that suggest they were derived from post-Archean 
sources, with Th/Sc-Sc values that are similar to compositions of Belt dolomitic argillites, 
Windermere schists, and Priest River gneisses, based on limited available geochemical data from 
the surrounding terranes (Fig. 66).  Geochemical signatures that suggest SMC calc-silicates 
represent a deep-to shallow, shale-sandstone sequence deposited in a passive margin 
environment are consistent with the hypothesized associations with Belt and Windermere strata 
(e.g. Price, 1964; Lund, 2003).  SMC calc-silicate protolith signatures such as whole-rock trace-
element concentrations similar to PAUCC with variable quartz dilution, and a bimodal, 
calcareous-sandstone-to-marl sequence is most similar to the geochemical and stratigraphic 
character described for Belt sediments (e.g. Gonzalez-Alvarez at al., 2006; Gonzalez-Alvarez 
and Kerrick, 2011).  However this may be biased by the greater availability of geochemical and 
petrologic data on Belt sediments compared to Windermere strata.  SMC calc-silicates exhibit 
geochemical evidence for sedimentary sorting and maturation that is not strongly exhibited in 
available geochemical data of Belt and Windermere strata (Fig. 66; e.g. Condie et al., 2001; 
Gonzalez-Alvarez and Kerrick, 2011). 
The abundant, Grenville-age (1.0-1.1 Ga) detrital zircons in SMC quartzites and 
quartzofeldspathic gneisses (Bergon, 2012) has not been identified in Belt or Windermere 
sediments (e.g. Lund et al., 2003; Gardner, 2008), but is similar to Grenville ages from Lu-Hf 
garnet geochronology in Belt metasediments associated with Rodinian tectonics (e.g. Zirakparvar 
et al., 2010; Nesheim et al., 2012).  Evidence for lower-granulite and amphibolite thermal events, 
and greenschist-facies deformation suggests SMC calc-silicates may represent a high-grade 
extension of Belt or Windermere strata.  Similarities between SMC calc-silicates and both 
Mesoproterozoic Belt and Neoproterozoic Winderemere strata suggests it is also possible that the 
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SMC represents a metasedimentary sequence deposited between intervals of Belt and 
Windermere deposition, preserving a more continuous, complete record of Proterozoic 






Figure 66.  Trace element plot of Th/Sc versus Zr/Sc showing SMC calc-silicates have 
compositions that are most similar to Priest River, Belt, and Windermere lithologies, but exhibit a 
distinct Zr enrichment. Data sources: Neoproterozoic Windermere (Lewis and Frost, 2005), 
Mesoproterozoic Belt (Lewis eand Frost, 2005; Gonzalez-Alvarez and Kerrich, 2011), Archean-
Paleoproterozoic Priest River (Lewis and Frost, 2005), Archean Grouse Creek (Strickland et al. 
2011).  All samples are from Idaho. 
Future Work  
An in-depth petrologic examination of the other units within the SMC may be compared 
with mineralogic textures and phase-relations observed in calc-silicates to better constrain the 
metamorphic evolution of the SMC.  A high-resolution study of the biotite-gneiss (bg) would be 
particularly useful for a comparative petrologic analysis with calc-silicates, and may provide 
insight into the M2, possibly polymetamorphic, amphibolite-facies conditions that were slightly 
obscured by the complex textural and geochemical characteristics of amphiboles in calc-silicates. 
Additional mineral chemical data on phases, especially amphibole and plagioclase, in calc-
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silicates is also needed to more effectively characterize paragenetic assemblages and 
thermobarometric conditions.  
More robust geochronologic data is needed to constrain the timing of metamorphic events 
recorded in SMC metasediments. U-Pb dating of zircon or monazite for calc-silicates, or Lu-Hf 
in garnet bearing lithologies from the SMC may better preserve original isotopic ratios than 
titanites, for which a reliable common-lead correction has not yet been devised (e.g., Frost et al., 
2000; Storey et al., 2007).   
Whole rock and petrographic data on calc-silicates from the northern portion of the SMC, 
as well as from other lithologies would help to better evaluate the genetic, stratigraphic, and 
structural relationships of units within the complex.  Additional whole-rock data and 
petrographic data on calc-silicates from other nearby terranes, particularly 





High-resolution sampling and whole-rock geochemistry suggests SMC calc-silicates 
represent a continuous stratigraphic sequence of mature, recycled, marls and calcareous 
sandstones derived from post-Archean continental sediments and deposited in a passive-margin 
setting.  Bulk geochemical fluctuations and inverse enrichment trends of calc-silicates reflect 
varying proportions of clay and quartzo-feldspathic protolith components, and suggest an overall 
increase in the deposition of clay detritus from the NW to the SE rim of Profile Lake.  The 
compositional continuum from shales to sandstones may reflect a deep-to-shallow-water 
transition in the depositional environment of SMC calc-silicates.  
Petrographic textures and thermobaromentry suggests SMC calc-silicates record an 
upper-amphibolite-lower-granulite-facies M1 thermal event characterized by the assemblage: 
cpx + qz + pl + phl + kfs + rt.  M1 was followed by D1 deformation at high P and T, 
characterized by deformation twins in clinopyroxene.  An M2 amphibolite-facies overprint is 
evidenced by idioblastic, undeformed blades of amphibole that crosscut deformation twins in 
clinopyroxene, and is characterized by the assemblage: cpx + qz + amph + kfs + pl + ttn.  A 
range of amphibole textures and orientations in addition to inconsistencies observed between 
thin-sections and pseudosections of phl-amph-kfs-ttn-bearing assemblages suggest calc-silicates 
may preserve multiple, relict equilibria derived from a polymetamorphic history.  The 
metamorphic and deformation events recorded by calc-silicates are consistent with P-T 
conditions of other SMC lithologies reported in previous studies (e.g. Anderson, 1995; Metz, 
2010) and suggest the metasedimentary rocks of the SMC have experienced the same 
metamorphic conditions.  The timing of these events could not be constrained due to highly 
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discordant U-Pb isotope systematics in titanite, and suggests original isotopic compositions were 
altered during the Mesozoic.  
Pseudosection calculations are consistent with estimates obtained using Hornblende-
plagioclase (Holland and Blundy, 1994) and Titanium-in-biotite thermometry (Henry et al., 
2005), and suggest whole-rock compositions were not substantially altered by metasomatic 
processes.  Correlations between whole-rock geochemistry and mineral chemistry suggest 
mineral chemical variation is due to differences in original protolith compositions, rather than 
metamorphic grade.  SMC calc-silicates record multiple med-high grade thermal and lower-
grade deformation events, while still preserving valuable information about their sedimentary 
and depositional history. 
Geochemical signatures of SMC calc-silicates support an association with post-Archean, 
passive-margin sediments similar to Mesoproterozoic Belt Supergroup and the Neoproterozoic 
Windermere Supergroup strata.  SMC calc-silicates do not exhibit geochemical evidence 
supporting an association with juvenile, magmatic arc and Archean continental sediments of the 
inferred Paleoproterozoic Selway terrane (e.g. Foster, 2006). The SMC may therefore represent a 
high-grade component of regionally metamorphosed Mesoproterozoic or Neoproterozoic strata, 
recording multiple episodes of crustal metamorphism and deformation along the margin of 
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Field Designation Sample Rock Name
TP-11-5 NW -12 E tr-cpx csg
TP-11-6 NW0E bt-rich csg
TP-11-8A NW0E' ap-bt-rich csg
TP-11-9A NW3E cs-pod/lens
TP-11-3a NW16E tr-cpx csg
TP-11-3b NW16E' bt-tr-cpx csg
TP-11-11 NW39E qz-rich csg
TP-11-12 NW39E' gr-qz-rich csg
TP-11-10 NW42E tr-cpx csg
TP-11-14A NW48E tr-cpx csg
TP-11-21 NE71E gr-qz-rich csg
TP-11-23 NE84E qz-cpx-act csg
TP-11-25 NE92E act-cpx csg
TP-11-27 NE116E bt-act-cpx csg
TP-11-15 NE119E bt-act-cpx csg
TP-11-17 SE366E csg
TP-11-20 SE370E csg
TP-11-29 SE371E czo-cpx csg
TP-11-30 SE372E czo-cpx csg
TP-11-31 SE377E cs-pod/lens
TP-11-32 SE385E czo-cpx csg
TP-11-33 SE394E act-czo-cpx csg
TP-11-34 SE394E' czo-cpx csg








APPENDIX C: U/PB TITANITE DATA 
Sample Grain 207Pb/204Pb 1s error 206Pb/204Pb 1s error 207Pb/206Pb 1s error 206Pb/238U 1s error 207Pb/235U 1s error
BG 38.6349 0.4100 400.4600 3.9000 0.0969 0.0001 0.0799 0.0005 1.0034 0.0200
BG 39.5551 0.5400 408.1240 5.5000 0.0969 0.0001 0.0799 0.0005 1.0043 0.0170
TP-94-30 1 core 11.2422 0.2900 64.6886 4.8000 0.1900 0.0150 0.0105 0.0003 0.3046 0.0340
TP-94-30 1 rim 10.7810 0.3400 47.5682 4.7000 0.2666 0.0310 0.0113 0.0006 0.4103 0.0670
TP-94-30 2 rim 9.2676 0.3200 45.5459 3.1000 0.2174 0.0098 0.0098 0.0002 0.3167 0.0220
TP-94-30 3 core 9.7060 0.5700 49.2917 4.8000 0.2105 0.0140 0.0101 0.0002 0.2795 0.0140
BG 37.6927 0.5400 393.0480 5.5000 0.0957 0.0003 0.0797 0.0004 1.4061 0.0830
BG 35.1098 0.5300 362.3980 5.5000 0.0965 0.0003 0.0794 0.0004 1.1434 0.0650
BG 38.7873 0.2900 397.5850 3.0000 0.0974 0.0002 0.0756 0.0003 1.0384 0.0170
BG 38.0928 0.4300 391.1670 4.1000 0.0974 0.0001 0.0764 0.0004 1.0992 0.0280
GC-04 1 rim 8.7561 0.1500 39.3247 0.5600 0.2204 0.0020 0.0112 0.0001 0.3262 0.0130
GC-04 1rim 9.6995 0.1600 52.5966 1.0000 0.1829 0.0010 0.0085 0.0001 0.2313 0.0063
GC-04 1 core 9.1302 0.1400 33.2456 0.4200 0.2750 0.0021 0.0130 0.0001 0.5435 0.0290
GC-04 2 rim 11.0898 0.1100 51.3720 0.5600 0.2140 0.0008 0.0088 0.0001 0.2641 0.0045
GC-04 2 core 11.0136 0.1300 46.8003 0.5000 0.2354 0.0008 0.0099 0.0001 0.3306 0.0082
GC-04 2 core 11.5722 0.1800 49.6851 0.9500 0.2330 0.0014 0.0106 0.0001 0.3375 0.0070
GC-04 2 core 12.0190 0.0580 21.4811 0.3400 0.5616 0.0079 0.0202 0.0007 1.6019 0.0740
GC-04 3 core 10.2039 0.1400 45.0260 0.6400 0.2294 0.0007 0.0093 0.0000 0.3110 0.0076
GC-04 3 rim 10.9487 0.1200 44.8985 0.6700 0.2426 0.0019 0.0108 0.0001 0.3649 0.0062
BG 34.9216 0.4800 352.0380 4.9000 0.0990 0.0002 0.0751 0.0005 1.0147 0.0350
BG 34.6464 0.3800 351.3000 3.8000 0.0983 0.0002 0.0769 0.0004 0.9839 0.0260
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GC-04 3 rim 10.4698 0.1300 32.7309 0.5200 0.3234 0.0042 0.0114 0.0002 0.5155 0.0130
GC-04 4  rim 10.6819 0.1300 83.5547 1.1000 0.1279 0.0007 0.0085 0.0001 0.1551 0.0019
GC-04 4 core 9.4508 0.1700 50.8368 1.2000 0.1860 0.0011 0.0084 0.0001 0.2276 0.0050
GC-04 4 rim 9.8883 0.1700 29.8421 0.3200 0.3276 0.0053 0.0101 0.0002 0.4665 0.0180
GC-04 5 core 11.3733 0.1100 51.9250 0.5400 0.2197 0.0005 0.0128 0.0001 0.3948 0.0052
GC-04 5 rim 8.2717 0.1300 39.8253 0.4200 0.2086 0.0011 0.0089 0.0001 0.2642 0.0056
GC-04 5 core 10.9376 0.0950 49.6431 0.4200 0.2215 0.0024 0.0116 0.0001 0.3759 0.0070
GC-04 5 rim 11.5024 0.0630 30.3289 0.4900 0.3799 0.0049 0.0135 0.0002 0.7169 0.0220
BG 34.3268 0.4100 348.5570 3.9000 0.0983 0.0002 0.0771 0.0004 1.0578 0.0140
BG 33.4182 0.4500 341.2740 4.5000 0.0977 0.0001 0.0769 0.0006 1.0683 0.0150
BG 37.9130 0.5700 388.7190 5.8000 0.0974 0.0002 0.0692 0.0004 0.9249 0.0220
BG 39.5622 0.4900 406.9850 4.7000 0.0976 0.0002 0.0707 0.0004 0.9701 0.0290
TP-94-36 1 core 10.7311 0.1100 43.5701 0.5000 0.2472 0.0013 0.0097 0.0001 0.3557 0.0130
TP-94-36 1 rim 12.4221 0.1500 53.8451 1.4000 0.2219 0.0013 0.0094 0.0001 0.3046 0.0110
TP-94-36 1 rim 12.5099 0.1700 56.1485 0.5700 0.2212 0.0012 0.0094 0.0001 0.3094 0.0100
TP-94-36 1 rim 12.9735 0.1100 43.6074 0.4700 0.2965 0.0022 0.0115 0.0001 0.5647 0.0230
TP-94-36 2 core 12.4149 0.1300 52.2545 0.8900 0.2381 0.0022 0.0098 0.0000 0.3268 0.0100
TP-94-36 2 rim 14.3899 0.2200 97.2215 1.7000 0.1486 0.0011 0.0080 0.0000 0.1732 0.0064
TP-94-36 2 rim 19.3765 0.3500 194.3050 4.5000 0.0982 0.0008 0.0092 0.0001 0.1257 0.0019
TP-94-36 2 core 19.5333 0.4700 213.5600 4.9000 0.0893 0.0010 0.0097 0.0001 0.1179 0.0030
BG 40.1863 0.6500 416.3370 7.5000 0.0962 0.0002 0.0702 0.0004 0.8712 0.0540
BG 39.8192 0.7300 414.1530 7.6000 0.0962 0.0003 0.0713 0.0004 1.0711 0.0670
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Sample Grain 235U/238U 1s error 204Pb cps 1s error 238U (V) 1s error
BG 0.008 0.000 517.160 21.000 0.040 0.002
BG 0.008 0.000 503.193 20.000 0.041 0.002
TP-94-30 1 core 0.007 0.000 298.026 5.700 0.029 0.003
TP-94-30 1 rim 0.009 0.001 228.692 5.200 0.017 0.002
TP-94-30 2 rim 0.007 0.000 221.542 6.900 0.016 0.001
TP-94-30 3 core 0.007 0.001 230.534 14.000 0.019 0.002
BG 0.006 0.000 209.474 10.000 0.016 0.001
BG 0.007 0.000 215.664 9.800 0.016 0.001
BG 0.007 0.000 660.844 24.000 0.056 0.002
BG 0.007 0.000 568.290 15.000 0.046 0.001
GC-04 1 rim 0.008 0.000 405.905 15.000 0.024 0.001
GC-04 1rim 0.007 0.000 408.193 12.000 0.041 0.002
GC-04 1 core 0.007 0.000 509.453 19.000 0.021 0.001
GC-04 2 rim 0.007 0.000 548.360 22.000 0.051 0.002
GC-04 2 core 0.007 0.000 557.546 13.000 0.041 0.001
GC-04 2 core 0.007 0.000 560.198 13.000 0.043 0.002
GC-04 2 core 0.007 0.000 2540.560 100.000 0.045 0.001
GC-04 3 core 0.007 0.000 548.783 12.000 0.043 0.002
GC-04 3 rim 0.007 0.000 626.675 17.000 0.042 0.002
BG 0.007 0.000 536.306 14.000 0.041 0.001
BG 0.008 0.000 541.529 18.000 0.039 0.001
GC-04 3 rim 0.007 0.000 665.593 20.000 0.031 0.001
GC-04 4  rim 0.007 0.000 656.369 11.000 0.103 0.003
GC-04 4 core 0.007 0.000 666.690 12.000 0.066 0.003
GC-04 4 rim 0.007 0.000 917.063 23.000 0.044 0.001
GC-04 5 core 0.007 0.000 1116.620 17.000 0.074 0.002
GC-04 5 rim 0.007 0.000 613.323 7.200 0.044 0.001
GC-04 5 core 0.007 0.000 1008.410 17.000 0.069 0.001
GC-04 5 rim 0.007 0.000 1728.990 26.000 0.062 0.002
BG 0.007 0.000 831.023 24.000 0.060 0.002
BG 0.007 0.000 852.557 22.000 0.061 0.002
BG 0.007 0.000 467.671 8.600 0.043 0.001
BG 0.007 0.000 506.531 14.000 0.047 0.002
TP-94-36 1 core 0.007 0.000 437.552 12.000 0.031 0.001
TP-94-36 1 rim 0.007 0.000 344.068 27.000 0.032 0.001
TP-94-36 1 rim 0.007 0.000 320.296 12.000 0.030 0.001
TP-94-36 1 rim 0.006 0.000 373.975 14.000 0.023 0.001
TP-94-36 2 core 0.007 0.000 316.705 9.600 0.028 0.001
TP-94-36 2 rim 0.007 0.000 138.541 4.700 0.027 0.001
TP-94-36 2 rim 0.007 0.000 134.414 5.300 0.044 0.001
TP-94-36 2 core 0.007 0.000 110.668 5.000 0.040 0.002
BG 0.008 0.000 136.941 5.900 0.013 0.001
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APPENDIX D:  ELECTRON MICROPROBE ANALYSIS-AMPHIBOLE  
Amphibole
Sample NW16E
Grain 1 1* 1* 2 2* 4 4* 5* 5 6 6
pt 16 17 18 19 20 32 33 37 38 39 40
Texture core rim rim core rim core rim rim core rim rim
  SiO2 54.92 56.12 55.71 56.85 53.73 56.04 54.65 56.13 57.99 56.60 56.37
  TiO2 0.09 0.02 0.06 0.02 0.09 0.01 0.03 0.01 0.00 0.00 0.05
  Al2O3 2.82 1.97 2.26 1.23 4.39 1.81 3.66 2.07 0.57 1.37 1.57
  Cr2O3 0.00 0.00 0.02 0.07 0.02 0.04 0.08 0.00 0.04 0.00 0.00
FeO 4.45 4.18 4.45 4.48 4.46 4.42 5.14 4.61 4.37 4.42 4.09
  MnO 21.36 21.37 21.06 21.58 20.70 21.76 20.60 21.31 21.97 21.59 21.57
  MgO 0.09 0.08 0.12 0.08 0.04 0.13 0.10 0.11 0.08 0.09 0.12
  CaO 13.96 13.45 13.19 13.71 12.55 13.77 13.46 13.92 13.72 13.76 13.64
  Na2O 0.44 0.28 0.27 0.11 0.70 0.19 0.46 0.24 0.06 0.15 0.18
  K2O 0.27 0.16 0.14 0.07 0.32 0.15 0.20 0.24 0.03 0.09 0.14
F - - - - - - - - - - -
Cl 0.03 0.02 0.03 0.00 0.07 0.03 0.02 0.01 0.01 0.00 0.02
Sum 98.44 97.66 97.31 98.21 97.07 98.36 98.40 98.67 98.84 98.07 97.74
Formula per Holland and Blundy (1994)
T site: Si 7.44 7.75 7.73 7.77 7.49 7.65 7.52 7.62 7.90 7.73 7.74
Aliv 0.56 0.25 0.27 0.23 0.51 0.35 0.48 0.38 0.10 0.27 0.26
Altot 0.56 0.32 0.37 0.23 0.72 0.35 0.59 0.38 0.10 0.27 0.26
M1,2,3: Alvi 0.00 0.07 0.10 0.00 0.21 0.00 0.11 0.00 0.00 0.00 0.00
Ti 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Fe3+ (calc) 0.50 0.14 0.12 0.39 0.21 0.50 0.31 0.52 0.15 0.50 0.38
Cr3+ 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Mg 4.31 4.40 4.36 4.40 4.30 4.43 4.22 4.31 4.46 4.39 4.41
Mn 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Fe2+ 0.00 0.35 0.39 0.13 0.27 0.00 0.28 0.00 0.35 0.00 0.09
Ca 0.27 0.03 0.00 0.10 0.00 0.10 0.05 0.20 0.04 0.14 0.10
Sum 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4: Fe 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.76 1.96 1.96 1.91 1.87 1.91 1.94 1.83 1.97 1.87 1.90
Na 0.24 0.04 0.04 0.09 0.09 0.09 0.06 0.17 0.03 0.13 0.10
Sum 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site: Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.04 0.04 0.00 0.10 0.00 0.06 0.00 0.00 0.00 0.00
K 0.05 0.03 0.03 0.01 0.06 0.03 0.04 0.04 0.01 0.02 0.02
Sum A 0.05 0.07 0.06 0.01 0.16 0.03 0.10 0.04 0.01 0.02 0.02





(APPENDIX D: CONT.)  
Amphibole
Sample NW16E'
Grain 1* 1* 1 1* 1 1* 2 2* 2 2*
pt. 130 131 132 133 134 135 136 137 138 139
Comment core mant rim core mant rim core core rim rim
  SiO2 55.11 54.50 54.74 54.50 54.74 54.58 54.61 55.73 55.01 55.91
  TiO2 0.11 0.11 0.08 0.08 0.04 0.09 0.08 0.07 0.01 0.06
  Al2O3 3.02 3.43 2.49 3.26 2.69 2.93 2.48 2.09 2.41 2.12
  Cr2O3 0.00 0.09 0.00 0.19 0.00 0.22 0.00 0.06 0.00 0.17
FeO 5.19 4.46 5.67 2.57 5.34 6.02 5.29 5.86 5.72 5.40
  MnO 21.04 21.38 20.58 20.72 20.63 21.15 20.70 21.54 21.35 21.65
  MgO 0.03 0.02 0.02 0.04 0.03 0.03 0.03 0.05 0.04 0.15
  CaO 13.62 13.30 14.04 13.25 13.78 13.26 13.44 13.37 13.88 13.25
  Na2O 0.51 0.55 0.44 0.48 0.47 0.47 0.36 0.42 0.39 0.30
  K2O 0.32 0.36 0.23 0.29 0.24 0.20 0.23 0.20 0.22 0.18
F - - - - - - - - - -
Cl 0.04 0.03 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.03
Sum 98.98 98.22 98.29 95.38 97.95 98.95 97.25 99.38 99.03 99.23
Formula per Holland and Blundy (1994)
T site: Si 7.54 7.51 7.46 7.68 7.50 7.52 7.59 7.64 7.50 7.65
Aliv 0.46 0.49 0.54 0.32 0.50 0.48 0.41 0.36 0.50 0.35
Altot 0.49 0.56 0.54 0.54 0.50 0.48 0.41 0.36 0.50 0.35
M1,2,3: Alvi 0.03 0.06 0.00 0.22 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01
Fe3+ (calc) 0.38 0.29 0.65 0.05 0.61 0.26 0.44 0.14 0.63 0.19
Cr3+ 0.00 0.01 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.02
Mg 4.29 4.39 4.18 4.35 4.21 4.34 4.29 4.40 4.34 4.42
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02
Fe2+ 0.21 0.22 0.00 0.26 0.00 0.38 0.17 0.46 0.02 0.36
Ca 0.07 0.01 0.30 0.09 0.23 0.00 0.09 0.00 0.11 0.00
Sum 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4: Fe 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.07 0.00 0.07
Ca 1.92 1.95 1.76 1.91 1.80 1.94 1.91 1.93 1.92 1.93
Na 0.08 0.05 0.24 0.09 0.20 0.00 0.09 0.00 0.08 0.00
Sum 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site: Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.06 0.10 0.00 0.04 0.00 0.13 0.01 0.11 0.02 0.08
K 0.06 0.06 0.04 0.05 0.04 0.04 0.04 0.03 0.04 0.03
Sum A 0.12 0.16 0.04 0.10 0.04 0.16 0.05 0.15 0.06 0.11




(APPENDIX D: CONT.) 
Amphibole
Sample NW16E' (cont.)
3 3* 3 3* 4* 4* 4* 4* 5* 5
150 151 152 153 166 167 168 169 210 212
c incl di c incl di r incl di r incl di core mant mant rim core rim
56.66 55.54 54.11 54.87 53.35 54.26 55.41 55.04 55.95 53.82
0.00 0.06 0.05 0.06 0.16 0.14 0.00 0.00 0.11 0.06
1.63 1.71 2.86 3.67 3.87 4.21 1.96 2.41 2.66 3.12
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04
5.25 5.13 5.08 4.60 5.69 5.31 5.13 5.75 5.06 5.09
21.08 21.91 20.87 20.76 20.35 21.23 20.29 21.11 20.56 20.40
0.21 0.08 0.24 0.10 0.17 0.16 0.13 0.14 0.13 0.16
13.85 13.48 13.67 13.34 13.64 13.48 13.93 13.60 14.05 14.11
0.23 0.15 0.28 0.30 0.60 0.63 0.19 0.40 0.37 0.33
0.13 0.13 0.18 0.24 0.35 0.34 0.14 0.15 0.19 0.27
-
0.01 0.01 0.00 0.00 0.04 0.03 0.01 0.00 0.03 0.00
99.07 98.20 97.34 97.95 98.22 99.80 97.19 98.60 99.16 97.39
7.69 7.68 7.46 7.57 7.34 7.38 7.69 7.58 7.65 7.35
0.31 0.32 0.54 0.43 0.66 0.62 0.31 0.42 0.35 0.65
0.31 0.32 0.54 0.60 0.66 0.68 0.32 0.42 0.43 0.65
0.00 0.00 0.00 0.17 0.00 0.06 0.01 0.00 0.08 0.00
0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.01
0.58 0.13 0.59 0.20 0.65 0.39 0.46 0.33 0.24 0.58
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4.26 4.52 4.29 4.27 4.17 4.30 4.19 4.33 4.19 4.15
0.02 0.01 0.03 0.01 0.02 0.02 0.01 0.02 0.01 0.02
0.02 0.38 0.00 0.33 0.00 0.22 0.13 0.33 0.33 0.00
0.16 0.00 0.17 0.01 0.17 0.00 0.19 0.01 0.12 0.38
5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.85 1.92 1.85 1.96 1.84 1.96 1.88 1.99 1.93 1.69
0.15 0.00 0.15 0.04 0.16 0.04 0.12 0.01 0.07 0.31
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.04 0.00 0.04 0.00 0.13 0.00 0.10 0.03 0.00
0.02 0.02 0.03 0.04 0.06 0.06 0.03 0.03 0.03 0.05
0.02 0.06 0.03 0.08 0.06 0.19 0.03 0.13 0.07 0.05




(APPENDIX D: CONT.) 
Amphibole
Sample TP-94-36^ Sample NE92E
Grain 1* 2* Grain 1 1* 1 2 2
pt avg avg pt 45 46 47 50 52
Texture core rim Texture core rim mant rim core
  SiO2 55.47 55.65   SiO2 56.95 55.71 56.56 56.19 53.75
  TiO2 0.14 0.10   TiO2 0.05 0.04 0.00 0.07 0.01
  Al2O3 3.45 3.38   Al2O3 0.69 2.30 1.21 2.06 4.01
  Cr2O3 0.04 0.07   Cr2O3 0.00 0.01 0.10 0.06 0.00
FeO 3.20 3.44 FeO 6.51 6.18 6.19 6.15 6.82
  MnO 0.07 0.13   MnO 20.55 21.02 21.30 20.73 19.40
  MgO 20.83 20.51   MgO 0.07 0.09 0.08 0.09 0.15
  CaO 13.02 12.93   CaO 13.09 12.79 13.40 13.19 13.53
  Na2O 0.39 0.38   Na2O 0.05 0.24 0.16 0.17 0.46
  K2O 0.38 0.30   K2O 0.00 0.13 0.08 0.16 0.25
F 0.22 0.26 F - - - - -
Cl - - Cl 0.01 0.01 0.01 .04. 0.02
Sum 97.21 97.15 Sum 97.98 98.53 99.09 98.87 98.40
Normalization based on 13 cations Formula per Holland and Blundy (1994)
T site: Si 7.62 7.64 T site: Si 7.91 7.67 7.78 7.72 7.43
Aliv 0.38 0.36 Aliv 0.09 0.33 0.22 0.28 0.57
Altot 0.56 0.55 Altot 0.11 0.37 0.22 0.33 0.65
M1,2,3: Alvi 0.18 0.19 M1,2,3: Alvi 0.02 0.04 0.00 0.06 0.08
Ti 0.01 0.01 Ti 0.01 0.00 0.00 0.01 0.00
Fe3+ (calc) 0.16 0.19 Fe3+ (calc) 0.06 0.26 0.08 0.17 0.55
Cr3+ 0.00 0.01 Cr3+ 0.00 0.00 0.01 0.01 0.00
Mg 4.27 4.20 Mg 4.25 4.31 4.37 4.25 4.00
Mn 0.01 0.02 Mn 0.01 0.01 0.01 0.01 0.02
Fe2+ 0.37 0.40 Fe2+ 0.65 0.37 0.56 0.50 0.24
Ca 0.00 0.00 Ca 0.00 0.00 0.00 0.00 0.12
Sum 5.00 5.00 Sum 5.00 5.00 5.02 5.00 5.00
M4: Fe 0.00 0.00 M4: Fe 0.05 0.08 0.07 0.04 0.00
Ca 1.92 1.90 Ca 1.95 1.89 1.93 1.94 1.89
Na 0.08 0.10 Na 0.01 0.03 0.00 0.02 0.11
Sum 2.00 2.00 Sum 2.00 2.00 2.00 2.00 2.00
A site: Ca 0.00 0.00 A site: Ca 0.00 0.00 0.00 0.00 0.00
Na 0.02 0.00 Na 0.01 0.03 0.04 0.02 0.01
K 0.07 0.05 K 0.00 0.02 0.01 0.03 0.04
Sum A 0.09 0.06 Sum A 0.01 0.05 0.06 0.05 0.05
* grains used in hornblende-plagioclase thermometry calculations




(APPENDIX D: CONT.) 
Amphibole
Sample NE92E (cont.)
Grain 3* 3* 5* 6* 7* 8* 8* 8* 8* 8
pt 53 54 77 78 85 89 90 91 92 93
Texture core rim rim core core core core mant rim rim
  SiO2 54.86 53.08 55.09 56.98 55.95 55.36 55.60 55.70 55.37 57.09
  TiO2 0.02 0.08 0.06 0.05 0.05 0.04 0.00 0.04 0.04 0.00
  Al2O3 2.62 4.32 2.92 3.90 2.87 2.57 2.93 2.78 3.21 0.89
  Cr2O3 0.04 0.03 0.05 0.04 0.00 0.00 0.02 0.06 0.00 0.01
FeO 6.02 6.59 6.46 6.23 6.29 5.99 6.24 6.22 6.31 6.18
  MnO 20.14 19.26 20.02 21.78 19.70 20.54 20.07 20.23 19.86 20.90
  MgO 0.10 0.08 0.13 0.04 0.16 0.05 0.06 0.09 0.09 0.07
  CaO 12.94 13.11 13.36 13.11 13.61 13.40 13.47 13.63 13.41 13.56
  Na2O 0.39 0.50 0.36 0.43 0.34 0.26 0.41 0.51 0.18 0.20
  K2O 0.15 0.32 0.20 0.26 0.21 0.18 0.23 0.19 0.25 0.11
F - - - - - - - - - -
Cl 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.02
Sum 97.28 97.37 97.37 97.37 97.37 97.37 97.37 97.37 97.37 97.37
Formula per Holland and Blundy (1994)
T site: Si 7.66 7.44 7.61 7.51 7.69 7.64 7.65 7.62 7.64 7.85
Aliv 0.34 0.56 0.39 0.49 0.31 0.36 0.35 0.38 0.36 0.15
Altot 0.43 0.71 0.48 0.61 0.47 0.42 0.48 0.45 0.52 0.15
M1,2,3: Alvi 0.10 0.15 0.08 0.12 0.16 0.06 0.12 0.06 0.16 0.00
Ti 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe3+ (calc) 0.20 0.34 0.26 0.32 0.11 0.26 0.19 0.30 0.14 0.07
Cr3+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Mg 4.19 4.02 4.12 4.28 4.04 4.22 4.11 4.12 4.09 4.28
Mn 0.01 0.01 0.02 0.00 0.02 0.01 0.01 0.01 0.01 0.01
Fe2+ 0.49 0.44 0.49 0.28 0.61 0.43 0.53 0.41 0.59 0.64
Ca 0.00 0.04 0.02 0.00 0.06 0.02 0.04 0.08 0.01 0.00
Sum 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4: Fe 0.01 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.94 1.93 1.95 1.85 1.95 1.97 1.95 1.92 1.98 2.00
Na 0.05 0.07 0.05 0.05 0.05 0.03 0.05 0.08 0.02 0.00
Sum 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site: Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.05 0.07 0.05 0.05 0.04 0.03 0.05 0.05 0.02 0.05
K 0.03 0.06 0.04 0.04 0.04 0.03 0.04 0.03 0.04 0.02
Sum A 0.08 0.13 0.08 0.10 0.07 0.07 0.09 0.08 0.07 0.07




(APPENDIX D: CONT.) 
Amphibole
Sample NE116E NE119E
Grain 1 2* 2 3* 3 3 1 1 1*
pt 52 103 104 105 106 107 225 226 227
Texture core rim core core mant rim core mant rim
  SiO2 55.09 56.23 55.10 56.10 56.94 56.14 55.71 55.75 55.96
  TiO2 0.00 0.06 0.12 0.09 0.03 0.05 0.00 0.04 0.05
  Al2O3 3.03 2.80 3.33 2.14 1.41 1.79 1.73 1.66 1.63
  Cr2O3 0.00 0.00 0.00 0.01 0.08 0.00 0.00 0.00 0.04
FeO 5.75 5.73 5.35 5.14 5.42 5.59 7.36 7.23 7.53
  MnO 0.16 0.16 0.12 0.13 0.10 0.17 19.09 20.18 18.87
  MgO 20.28 19.86 20.49 20.26 21.55 20.77 0.17 0.17 0.18
  CaO 13.59 13.52 13.14 13.67 13.36 13.89 13.41 13.10 13.32
  Na2O 0.28 0.21 0.39 0.24 0.14 0.16 0.11 0.17 0.24
  K2O 0.25 0.14 0.25 0.18 0.12 0.20 0.12 0.10 0.11
F - - - - - - - - -
Cl 0.01 0.01 0.01 0.04 0.01 0.00 0.00 0.00 0.00
Sum 98.71 98.30 98.00 99.16 98.76 98.43 97.71 98.41 97.93
Formula per Holland and Blundy (1994)
T site: Si 7.65 7.64 7.56 7.76 7.60 7.57 7.78 7.73 7.83
Aliv 0.35 0.36 0.44 0.24 0.40 0.43 0.22 0.27 0.17
Altot 0.46 0.54 0.44 0.24 0.40 0.49 0.29 0.27 0.27
M1,2,3: Alvi 0.11 0.18 0.00 0.00 0.00 0.06 0.07 0.01 0.10
Ti 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01
Fe3+ (calc) 0.35 0.13 0.60 0.13 0.64 0.46 0.25 0.21 0.05
Cr3+ 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Mg 4.10 4.19 4.19 4.43 4.22 4.16 3.97 4.17 3.94
Mn 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02
Fe2+ 0.31 0.47 0.00 0.43 0.00 0.21 0.61 0.59 0.83
Ca 0.10 0.00 0.23 0.00 0.23 0.10 0.08 0.00 0.04
Sum 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4: Fe 0.00 0.01 0.00 0.07 0.00 0.00 0.00 0.04 0.00
Ca 1.90 1.92 1.80 1.93 1.80 1.90 1.93 1.95 1.95
Na 0.10 0.06 0.20 0.00 0.20 0.10 0.07 0.01 0.05
Sum 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site: Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.04 0.00 0.04 0.00 0.00 0.00 0.03 0.04
K 0.02 0.04 0.03 0.02 0.03 0.04 0.02 0.02 0.00
Sum A 0.02 0.09 0.03 0.06 0.03 0.04 0.02 0.05 0.04





(APPENDIX D: CONT.) 
Amphibole
Sample NE119E (cont.)
Grain 2 2* 2* 2* 3 3 3 4* 4 4
pt. 231 232 233 234 246 247 248 255 256 257
Comment core core rim rim core mant rim core mant rim
  SiO2 55.82 55.38 54.23 54.13 55.38 54.01 55.44 55.21 55.78 56.16
  TiO2 0.09 0.12 0.05 0.04 0.04 0.01 0.03 0.04 0.05 0.02
  Al2O3 2.26 2.61 3.72 3.34 1.99 3.07 1.60 2.96 2.12 1.67
  Cr2O3 0.06 0.02 0.10 0.00 0.03 0.03 0.06 0.04 0.00 0.00
FeO 6.55 6.46 7.30 6.86 6.29 7.57 7.06 7.53 7.33 6.49
  MnO 19.56 20.56 18.77 20.35 20.19 19.87 19.82 18.60 18.88 19.14
  MgO 0.11 0.05 0.14 0.13 0.14 0.24 0.11 0.28 0.19 0.15
  CaO 13.53 13.06 13.85 12.60 13.59 13.35 14.03 13.40 13.41 13.58
  Na2O 0.21 0.22 0.47 0.40 0.24 0.30 0.11 0.24 0.26 0.09
  K2O 0.14 0.12 0.26 0.19 0.06 0.14 0.08 0.11 0.10 0.05
F - - - - - - - - - -
Cl 0.00 0.00 0.04 0.01 0.02 0.00 0.00 0.00 0.00 0.02
Sum 98.33 98.61 98.91 98.07 97.97 98.59 98.35 98.41 98.13 97.38
Formula per Holland and Blundy (1994)
T site: Si 7.75 7.63 7.35 7.51 7.64 7.50 7.57 7.69 7.79 7.88
Aliv 0.25 0.37 0.65 0.49 0.36 0.50 0.43 0.31 0.21 0.12
Altot 0.37 0.42 0.65 0.55 0.36 0.50 0.43 0.49 0.35 0.28
M1,2,3: Alvi 0.12 0.05 0.00 0.05 0.00 0.00 0.00 0.18 0.14 0.15
Ti 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ (calc) 0.08 0.26 0.83 0.40 0.56 0.39 0.81 0.09 0.07 0.00
Cr3+ 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Mg 4.05 4.22 3.79 4.21 4.15 4.11 4.04 3.86 3.93 4.00
Mn 0.01 0.01 0.02 0.02 0.02 0.03 0.01 0.03 0.02 0.02
Fe2+ 0.68 0.44 0.00 0.32 0.17 0.47 0.00 0.79 0.78 0.77
Ca 0.04 0.00 0.40 0.00 0.13 0.00 0.30 0.03 0.05 0.07
Sum 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
M4: Fe 0.00 0.04 0.00 0.07 0.00 0.02 0.00 0.00 0.00 0.00
Ca 1.97 1.93 1.69 1.87 1.87 1.98 1.75 1.97 1.95 1.97
Na 0.03 0.03 0.31 0.05 0.13 0.00 0.25 0.03 0.05 0.03
Sum 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site: Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.03 0.03 0.04 0.05 0.00 0.08 0.00 0.03 0.02 0.00
K 0.02 0.02 0.00 0.03 0.01 0.02 0.01 0.02 0.02 0.01
Sum A 0.05 0.05 0.04 0.09 0.01 0.10 0.01 0.05 0.04 0.01




(APPENDIX D: CONT.) 
Amphibole
Sample SE394E
Grain 1 1 1 2 2 2 3 3 3
pt 297 298 299 300 301 302 315 316 317
core mant rim rim mant core core rim mant core
  SiO2 55.55 56.08 55.25 53.84 53.84 54.34 55.21 54.91 55.97
  TiO2 0.00 0.00 0.02 0.04 0.03 0.01 0.02 0.00 0.05
  Al2O3 0.79 1.10 1.31 2.50 2.53 1.61 2.36 2.03 1.79
  Cr2O3 0.01 0.02 0.00 0.04 0.07 0.01 0.02 0.03 0.01
FeO 9.87 11.55 9.94 12.33 11.03 11.59 10.19 10.67 9.89
  MnO 18.52 17.81 18.51 16.62 17.57 17.66 17.15 17.11 17.63
  MgO 0.28 0.26 0.25 0.22 0.25 0.27 0.37 0.34 0.38
  CaO 13.51 12.86 13.70 12.85 13.06 12.65 13.30 13.25 12.94
  Na2O 0.00 0.13 0.19 0.28 0.23 0.17 0.33 0.22 0.25
  K2O 0.03 0.05 0.06 0.14 0.09 0.07 0.09 0.09 0.07
F - - - - - - - - -
Cl 0.00 0.00 0.05 0.01 0.00 0.04 0.01 0.02 0.00
Sum 98.55 99.86 99.26 98.86 98.69 98.41 99.05 98.67 98.98
T site: Si 7.77 7.82 7.66 7.61 7.58 7.71 7.74 7.73 7.83
Aliv 0.23 0.18 0.34 0.39 0.42 0.29 0.26 0.27 0.17
Altot 0.23 0.18 0.34 0.42 0.42 0.29 0.39 0.34 0.30
M1,2,3: Alvi 0.00 0.00 0.00 0.02 0.00 0.00 0.13 0.07 0.13
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fe3+ (calc) 0.37 0.13 0.60 0.33 0.33 0.17 0.12 0.22 0.05
Cr3+ 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Mg 3.86 3.70 3.82 3.50 3.69 3.73 3.58 3.59 3.68
Mn 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04
Fe2+ 0.79 1.13 0.55 1.11 0.94 1.09 1.07 1.04 1.09
Ca 0.05 0.00 0.13 0.00 0.00 0.00 0.05 0.05 0.00
Sum 5.10 5.00 5.13 5.00 5.00 5.02 5.00 5.00 5.00
M4: Fe 0.00 0.08 0.00 0.02 0.03 0.12 0.00 0.00 0.01
Ca 1.98 1.92 1.91 1.95 1.97 1.88 1.95 1.95 1.94
Na 0.02 0.00 0.09 0.04 0.00 0.00 0.05 0.05 0.05
Sum 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A site: Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.03 0.00 0.04 0.06 0.05 0.04 0.01 0.02
K 0.00 0.01 0.01 0.03 0.02 0.01 0.02 0.02 0.01




APPENDIX E: ELECTRON MICROPROBE ANALYSIS-PYROXENE 
Pyroxene 
Sample NW 16 E NW 16 E'
Grain 1 2 2 3 1 1 1 1 1 1
pt. 21 34 35 36 154 155 156 157 158 159
Texture core core rim core rim rim mant core core mant
  SiO2 53.75 54.96 54.51 54.82 53.25 53.57 53.91 54.14 54.06 53.84
  Al2O3 0.39 0.35 0.33 0.26 0.36 0.45 0.38 0.29 0.29 0.25
  TiO2 0.02 0.06 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00
  Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 2.98 3.10 3.12 3.21 3.55 3.24 3.28 3.53 2.99 3.17
  MnO 0.06 0.13 0.11 0.08 0.23 0.09 0.24 0.03 0.42 0.06
  MgO 16.30 17.18 16.72 16.76 16.41 16.55 16.09 17.41 16.35 17.02
  CaO 25.85 26.12 25.94 25.39 26.30 25.04 25.26 24.76 25.73 25.08
  Na2O 0.08 0.16 0.11 0.09 0.09 0.09 0.14 0.09 0.07 0.17
  K2O 0.00 0.01 0.01 0.02 0.01 0.02 0.00 0.00 0.00 0.00
Sum 99.42 102.07 100.86 100.63 100.21 99.05 99.31 100.26 99.91 99.58
Structural formula based on 6 oxygens
T site: Si  1.97 1.96 1.97 1.99 1.94 1.97 1.98 1.97 1.98 1.97
  Al iv 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01
Altot 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01
M site: Alvi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.09 0.09 0.09 0.10 0.11 0.10 0.10 0.11 0.09 0.10
   Mn2+ 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Mg 0.89 0.91 0.90 0.91 0.89 0.91 0.88 0.94 0.89 0.93
Ca 1.02 1.00 1.01 0.99 1.03 0.99 1.00 0.96 1.01 0.98
Na 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum M 2.01 2.02 2.01 2.00 2.04 2.01 2.00 2.02 2.01 2.02
Mg/(Mg+Fetot) 0.91 0.91 0.91 0.90 0.89 0.90 0.90 0.90 0.91 0.91
Ca/(Ca+Mg+Fe) 0.51 0.50 0.50 0.50 0.51 0.49 0.50 0.48 0.51 0.49
Pyroxene components
Wo 50.83 49.81 50.23 49.57 50.00 50.00 50.00 49.23 50.00 50.00
En 44.59 45.57 45.05 45.53 46.70 45.25 45.37 45.59 46.00 45.70





(APPENDIX E: CONT.) 
Pyroxene 
Sample NW16E' (cont.) TP-94-36^
Grain 2 2 2 2 3 3 3 1 2 3
pt. 170 171 172 173 207 208 209 avg
Texture core mant mant rim core mant rim incl. in amp Lt BSE Dk BSE
  SiO2 53.76 53.90 53.49 53.62 53.68 53.52 53.79 54.61 54.34 54.64
  Al2O3 0.22 0.26 0.54 0.27 0.75 0.89 0.48 0.48 0.43 0.78
  TiO2 0.02 0.01 0.04 0.03 0.04 0.12 0.00 0.03 0.02 0.07
  Cr2O3 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.04 0.02 0.01
FeO 3.51 3.26 2.57 4.01 3.35 3.48 3.11 3.72 4.28 3.01
  MnO 0.22 0.03 0.31 0.00 0.24 0.16 0.11 0.19 0.19 0.14
  MgO 16.22 16.98 16.47 16.93 16.69 16.21 17.06 16.08 15.85 16.60
  CaO 26.56 26.02 26.03 25.80 25.53 26.11 25.63 24.82 24.84 24.99
  Na2O 0.07 0.00 0.08 0.12 0.19 0.14 0.15 0.13 0.10 0.13
  K2O 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00
Sum 100.58 100.45 99.53 100.79 100.48 100.73 100.34 100.10 100.07 100.37
Structural formula based on 6 oxygens
T site: Si  1.96 1.96 1.96 1.94 1.95 1.94 1.95 2.00 1.99 1.99
  Al iv 0.01 0.01 0.02 0.01 0.03 0.04 0.02 0.00 0.01 0.01
Altot 0.01 0.01 0.02 0.01 0.03 0.04 0.02 0.02 0.02 0.03
M site: Alvi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.11 0.10 0.08 0.12 0.10 0.11 0.09 0.11 0.13 0.09
   Mn2+ 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00
Mg 0.88 0.92 0.90 0.91 0.90 0.88 0.92 0.88 0.87 0.90
Ca 1.04 1.01 1.02 1.00 0.99 1.02 1.00 0.97 0.98 0.97
Na 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum M 2.03 2.03 2.02 2.05 2.02 2.02 2.03 2.00 2.00 2.00
Mg/(Mg+Fetot) 0.89 0.90 0.92 0.88 0.90 0.89 0.91 0.88 0.87 0.91
Ca/(Ca+Mg+Fe) 0.51 0.50 0.51 0.49 0.50 0.51 0.49 0.51 0.51 0.51
Pyroxene components
Wo 50.00 50.00 50.00 50.00 50.00 50.00 50.00 49.23 48.57 48.29
En 45.56 46.56 46.82 45.85 46.20 46.15 46.72 44.93 44.17 46.18
Fs 4.44 3.44 3.18 4.15 3.80 3.85 3.28 5.83 6.69 4.7




(APPENDIX E: CONT.) 
Pyroxene 
Sample NE92E
Grain 1 1 2 2 2 2 2 2 3 3 3
pt. 48 49 79 80 81 82 83 84 94 95 96
Texture mant core rim mant mant core core rim rim core rim
  SiO2 53.87 54.81 53.14 54.24 54.13 53.68 53.24 53.54 53.26 53.46 53.71
  Al2O3 0.92 0.29 1.81 0.35 0.53 0.95 0.79 0.42 0.31 0.33 0.35
  TiO2 0.14 0.03 0.00 0.00 0.04 0.13 0.10 0.01 0.00 0.03 0.02
  Cr2O3 0.03 0.02 0.05 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01
FeO 4.10 3.64 4.14 4.11 4.02 3.73 4.05 3.66 4.00 4.39 4.21
  MnO 0.05 0.10 0.11 0.11 0.03 0.08 0.13 0.12 0.17 0.11 0.11
  MgO 15.97 16.29 15.51 16.55 16.70 16.21 15.81 16.25 15.58 16.56 15.69
  CaO 25.17 25.21 24.33 25.40 24.98 25.34 25.01 25.67 26.06 25.24 25.18
  Na2O 0.20 0.15 0.15 0.11 0.15 0.30 0.13 0.16 0.24 0.06 0.27
  K2O 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.04 0.00 0.00 0.02
Sum 100.46 100.53 99.24 100.90 100.57 100.41 100.26 99.87 99.61 100.18 99.55
Structural formula based on 6 oxygens
T site: Si  1.96 1.99 1.96 1.97 1.97 1.95 1.94 1.96 1.96 1.95 1.98
  Al iv 0.04 0.01 0.04 0.02 0.02 0.04 0.03 0.02 0.01 0.01 0.02
Altot 0.04 0.01 0.08 0.02 0.02 0.04 0.03 0.02 0.01 0.01 0.02
M site: Alvi 0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.12 0.11 0.13 0.12 0.12 0.11 0.12 0.11 0.12 0.13 0.13
   Mn2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Mg 0.87 0.88 0.85 0.89 0.90 0.88 0.86 0.89 0.85 0.90 0.86
Ca 0.98 0.98 0.96 0.99 0.97 0.99 0.98 1.01 1.03 0.99 0.99
Na 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.00 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00
Sum M 2.00 2.00 2.00 2.02 2.01 2.01 2.02 2.02 2.03 2.03 2.01
Mg/(Mg+Fetot) 0.87 0.89 0.87 0.88 0.88 0.89 0.87 0.89 0.87 0.87 0.87
Ca/(Ca+Mg+Fe) 0.50 0.50 0.50 0.49 0.49 0.50 0.50 0.50 0.51 0.49 0.50
Pyroxene components
Wo 50.00 49.74 48.68 50.00 49.79 50.00 50.00 50.00 50.00 50.00 50.00
En 44.04 44.66 44.63 44.32 44.23 45.50 44.09 46.05 44.44 44.10 44.34





(APPENDIX E: CONT.) 
Pyroxene 
Sample NE 116 E NE119E
Grain 1 1 2 2 1 1 1 2
Comment 108 109 110 111 core/twin core/twin mant core
Analysis pt. core rim core rim 228 229 230 249
  SiO2 54.03 54.38 53.26 53.69 54.59 53.82 54.03 53.96
  Al2O3 0.56 0.53 1.04 0.91 0.36 0.50 0.23 0.75
  TiO2 0.04 0.01 0.09 0.08 0.04 0.05 0.02 0.09
  Cr2O3 0.00 0.04 0.00 0.00 0.00 0.03 0.02 0.06
FeO 3.69 3.59 3.52 3.61 4.80 5.04 4.83 4.52
  MnO 0.14 0.20 0.17 0.21 0.16 0.12 0.17 0.24
  MgO 16.11 16.34 15.95 15.78 16.17 15.77 16.23 15.92
  CaO 25.37 25.37 24.92 25.17 24.59 25.58 25.57 24.62
  Na2O 0.00 0.06 0.20 0.06 0.13 0.15 0.12 0.09
  K2O 0.17 0.13 0.20 0.22 0.02 0.00 0.00 0.00
Sum 100.11 100.64 99.34 99.74 100.85 101.05 101.22 100.26
Structural formula based on 6 oxygens
T site: Si  1.98 1.98 1.96 1.97 1.99 1.96 1.96 1.98
  Al iv 0.02 0.02 0.04 0.03 0.01 0.02 0.01 0.02
Altot 0.02 0.02 0.04 0.03 0.02 0.02 0.01 0.03
M site: Alvi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.11 0.11 0.11 0.11 0.15 0.15 0.15 0.14
   Mn2+ 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01
Mg 0.88 0.89 0.87 0.86 0.88 0.85 0.88 0.87
Ca 0.99 0.99 0.98 0.99 0.96 1.00 0.99 0.97
Na 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01
K 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00
Sum M 2.00 2.00 2.00 2.00 2.00 2.02 2.03 2.00
Mg/(Mg+Fetot) 0.89 0.89 0.89 0.89 0.86 0.85 0.86 0.86
Ca/(Ca+Mg+Fe) 0.50 0.50 0.50 0.50 0.48 0.50 0.49 0.49
Pyroxene components
Wo 49.97 49.94 50.00 49.96 48.37 49.72 49.24 48.95
En 44.32 44.56 44.84 44.35 44.26 42.64 43.49 44.03





(APPENDIX E: CONT.) 
Pyroxene 
Sample NE119E (cont.)
Grain 2 2 3 3 3 3 3 3
pt. mant rim mant mant core core mant rim
Texture 250 251 269 270 271 272 273 274
  SiO2 54.62 54.67 53.26 53.31 53.34 53.51 52.97 52.87
  Al2O3 0.76 0.76 0.89 1.12 0.63 0.79 1.11 0.78
  TiO2 0.05 0.06 0.11 0.10 0.08 0.05 0.06 0.03
  Cr2O3 0.00 0.00 0.03 0.00 0.00 0.01 0.01 0.03
FeO 4.71 4.63 4.56 5.05 5.10 4.86 5.26 4.79
  MnO 0.10 0.18 0.22 0.23 0.16 0.18 0.18 0.15
  MgO 15.30 14.96 16.04 15.20 15.07 15.34 15.75 15.59
  CaO 25.68 25.94 25.14 25.42 25.33 25.12 24.77 25.58
  Na2O 0.21 0.09 0.16 0.22 0.16 0.11 0.16 0.19
  K2O 0.01 0.00 0.00 0.00 0.02 0.00 0.01 0.00
Sum 101.43 101.29 100.42 100.65 99.89 99.96 100.29 100.00
Structural formula based on 6 oxygens
T site: Si  1.98 1.99 1.94 1.95 1.97 1.97 1.94 1.94
  Al iv 0.02 0.01 0.04 0.05 0.03 0.03 0.05 0.03
Altot 0.03 0.03 0.04 0.05 0.03 0.03 0.05 0.03
M site: Alvi 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.14 0.14 0.14 0.15 0.16 0.15 0.16 0.15
   Mn2+ 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00
Mg 0.83 0.81 0.87 0.83 0.83 0.84 0.86 0.85
Ca 1.00 1.01 0.98 1.00 1.00 0.99 0.97 1.01
Na 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum M 2.00 2.00 2.02 2.01 2.01 2.00 2.01 2.03
Mg/(Mg+Fetot) 0.85 0.85 0.86 0.84 0.84 0.85 0.84 0.85
Ca/(Ca+Mg+Fe) 0.51 0.52 0.49 0.50 0.50 0.50 0.49 0.50
Pyroxene components
Wo 50.71 51.50 49.27 50.33 50.38 49.99 48.76 50.15
En 42.03 41.32 43.75 41.87 41.71 42.46 43.15 42.52





(APPENDIX E: CONT.) 
Pyroxene 
Sample SE394E
Grain 1 1 1 2 2 2 2 3 3 3 4 5 5
pt. core rim rim core core rim rim core rim rim rim rim core
Texture 284 285 286 314 315 316 317 318 319 320 324 324 324
  SiO2 54.08 54.25 53.74 51.76 53.78 53.13 53.43 53.03 53.68 52.81 53.42 53.10 53.35
  Al2O3 0.17 0.12 0.37 0.80 0.27 0.30 0.12 0.20 0.55 0.53 0.09 0.33 0.24
  TiO2 0.03 0.00 0.02 0.03 0.05 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00
  Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 6.28 8.14 6.46 11.21 7.15 8.45 8.11 8.53 10.16 9.60 8.45 8.45 7.80
  MnO 0.35 0.39 0.40 0.34 0.42 0.42 0.37 0.38 0.33 0.28 0.36 0.40 0.32
  MgO 14.66 13.49 14.68 11.22 14.70 13.63 13.87 13.63 12.63 12.60 13.85 12.65 14.00
  CaO 24.53 25.23 24.95 24.96 24.51 25.27 24.42 25.55 24.00 25.08 25.80 25.27 25.35
  Na2O 0.15 0.07 0.12 0.11 0.16 0.13 0.12 0.06 0.19 0.13 0.00 0.13 0.15
  K2O 0.05 0.00 0.01 0.01 0.00 0.01 0.00 0.02 0.02 0.01 0.00 0.01 0.01
Sum 100.30 101.69 100.83 100.44 101.03 101.39 100.45 101.42 101.68 101.04 101.97 100.34 101.22
T site: Si  2.00 1.99 1.97 1.95 1.97 1.96 1.98 1.95 1.99 1.96 1.96 1.98 1.96
  Al iv 0.00 0.01 0.02 0.04 0.01 0.01 0.01 0.01 0.01 0.02 0.00 0.01 0.01
Altot 0.01 0.01 0.02 0.04 0.01 0.01 0.01 0.01 0.02 0.02 0.00 0.01 0.01
M site: Alvi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.19 0.25 0.20 0.35 0.22 0.26 0.25 0.26 0.31 0.30 0.26 0.26 0.24
   Mn2+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.81 0.74 0.80 0.63 0.80 0.75 0.77 0.75 0.70 0.70 0.76 0.70 0.77
Ca 0.97 0.99 0.98 1.01 0.96 1.00 0.97 1.01 0.95 1.00 1.01 1.01 1.00
Na 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum M 2.00 2.00 2.01 2.01 2.01 2.03 2.01 2.04 2.00 2.01 2.04 2.00 2.03
Mg/(Mg+Fetot) 0.81 0.75 0.80 0.64 0.79 0.74 0.75 0.74 0.69 0.70 0.75 0.73 0.76
Ca/(Ca+Mg+Fe) 0.49 0.50 0.49 0.51 0.48 0.50 0.49 0.50 0.48 0.50 0.50 0.51 0.50
Pyroxene components
Wo 49.23 50.10 49.49 50.61 48.49 49.71 48.80 49.93 48.48 50.05 49.94 51.09 49.79
En 40.93 37.28 40.51 31.65 40.47 37.31 38.55 37.06 35.50 34.99 37.30 35.58 38.26




APPENDIX F: ELECTRON MICROPROBE ANALYSIS-FELDSPAR 
Plagioclase
Sample NW16E
Grain 1* 1* 1* 2* 2* 3* 3* 4 5* 5* 5* 5
pt. 11 12 13 14 15 16 17 15 21 22 23 24
Texture core rim rim core rim rim core core rim core core rim
  SiO2 57.01 56.77 57.43 57.25 56.88 56.90 57.51 61.06 54.80 57.58 55.32 57.02
  Al2O3 28.00 27.86 27.78 28.09 27.78 27.88 26.52 25.36 28.52 26.30 28.00 26.35
FeO 0.08 0.00 0.07 0.02 0.00 0.03 0.00 0.00 0.10 0.06 0.00 0.01
  MgO 0.02 0.03 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.02 0.02 0.00
  CaO 8.72 9.30 9.24 9.91 9.42 9.05 8.05 6.10 10.30 8.14 9.89 8.54
  BaO 0.00 0.00 0.00 0.07 0.09 0.00 0.00 0.00 0.13 0.05 0.00 0.00
  Na2O 5.82 5.92 5.81 5.66 5.53 5.72 6.09 7.48 4.97 6.34 5.54 6.40
  K2O 0.16 0.09 0.21 0.22 0.10 0.20 0.21 0.17 0.28 0.08 0.00 1.14
Sum 99.83 99.97 100.54 101.22 99.80 99.80 98.39 100.17 99.11 98.56 98.78 99.46
Structural formula based on 8 oxygens
T site: Si  2.55 2.54 2.56 2.54 2.55 2.55 2.61 2.70 2.49 2.61 2.51 2.58
  Altot 1.48 1.47 1.46 1.47 1.47 1.47 1.42 1.32 1.53 1.40 1.50 1.41
Sum T site 4.03 4.01 4.01 4.01 4.02 4.02 4.02 4.02 4.01 4.01 4.01 3.99
  M site: Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Ca 0.42 0.45 0.44 0.47 0.45 0.43 0.39 0.29 0.50 0.39 0.48 0.41
    Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Na 0.51 0.51 0.50 0.49 0.48 0.50 0.54 0.64 0.44 0.56 0.49 0.56
    K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.00 0.00 0.07
Sum M 0.94 0.97 0.96 0.97 0.94 0.95 0.94 0.94 0.96 0.96 0.97 1.04
Feldspar components 
albite 54.16 53.26 52.58 50.12 51.09 52.68 57.06 68.22 45.68 58.18 50.35 53.92
anorthite 44.83 46.20 46.16 48.48 48.15 46.09 41.65 30.74 52.36 41.26 49.65 39.77
orthoclase 1.01 0.54 1.27 1.28 0.60 1.23 1.29 1.04 1.72 0.47 0.00 6.30
celsian 0.00 0.00 0.00 0.12 0.16 0.00 0.00 0.00 0.24 0.10 0.00 0.00








(APPENDIX F: CONT.) 
Plagioclase
Sample NW16E'
Grain 1 1* 1* 2 2* 2 2* 2* 3* 3 3
pt. core rim mant rim core mant rim core co incl di r incl di c incl di
Texture 77 78 79 85 86 87 88 89 90 91 92
  SiO2 53.04 56.93 52.69 54.79 55.48 54.89 56.64 51.57 51.96 52.97 52.53
  Al2O3 31.02 28.34 30.45 28.15 28.24 28.09 28.18 30.93 29.76 28.83 30.20
FeO 0.08 0.00 0.01 0.00 0.10 0.05 0.05 0.04 0.00 0.14 0.05
  MgO 0.00 0.00 0.01 0.02 0.02 0.03 0.01 0.01 0.04 0.01 0.00
  CaO 12.39 9.44 12.84 9.90 10.03 10.08 9.50 13.35 12.22 11.63 11.97
  BaO 0.07 0.00 0.00 0.05 0.00 0.00 0.04 0.00 0.00 0.00 0.04
  Na2O 4.14 5.98 4.62 6.29 6.00 6.14 6.31 4.10 4.75 5.40 5.22
  K2O 0.15 0.18 0.14 0.13 0.12 0.12 0.15 0.06 0.10 0.12 0.10
Sum 100.88 100.87 100.76 99.33 99.99 99.40 100.87 100.06 98.83 99.10 100.10
Structural formula based on 8 oxygens
T site: Si  2.38 2.53 2.37 2.49 2.50 2.49 2.52 2.34 2.38 2.42 2.38
  Altot 1.64 1.48 1.62 1.51 1.50 1.50 1.48 1.66 1.61 1.55 1.61
Sum T site 4.02 4.01 3.99 3.99 4.00 3.99 4.00 4.00 3.99 3.98 4.00
  M site: Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
   Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Ca 0.60 0.45 0.62 0.48 0.48 0.49 0.45 0.65 0.60 0.57 0.58
    Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Na 0.36 0.52 0.40 0.55 0.52 0.54 0.55 0.36 0.42 0.48 0.46
    K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Sum M 0.96 0.98 1.03 1.04 1.02 1.04 1.01 1.01 1.03 1.06 1.05
Feldspar components 
albite 37.28 52.84 39.14 53.05 51.62 52.08 54.10 35.60 41.05 45.35 43.84
anorthite 61.72 46.10 60.07 46.16 47.68 47.24 45.00 64.04 58.36 53.98 55.55
orthoclase 0.87 1.06 0.79 0.71 0.70 0.69 0.84 0.36 0.59 0.67 0.55
celsian 0.13 0.00 0.00 0.08 0.00 0.00 0.06 0.00 0.00 0.00 0.07








(APPENDIX F: CONT.) 
Plagioclase
Sample NW16E' (cont.) TP-94-36^ NE92E
Grain 4* 4* 4* 4* 1* 1* 1* 1 2 2*
pt. core core rim rim core 24 25 26 27 28
Texture 99 100 101 102 avg core rim rim core rim
  SiO2 55.63 55.01 58.09 57.55 56.90 53.17 59.55 59.07 53.93 58.18
  Al2O3 28.25 29.12 26.83 27.71 27.15 30.26 25.70 26.19 30.53 27.01
FeO 0.01 0.04 0.09 0.04 0.05 0.03 0.06 0.17 0.04 0.00
  MgO 0.02 0.01 0.03 0.06 - 0.01 0.04 0.02 0.00 0.04
  CaO 10.12 10.49 8.15 8.75 8.96 12.74 6.93 7.85 11.98 8.51
  BaO 0.00 0.04 0.05 0.00 0.02 0.01 0.01 0.04 0.00 0.00
  Na2O 5.74 5.39 6.64 6.36 6.34 3.98 7.04 6.47 4.38 6.30
  K2O 0.18 0.13 0.19 0.18 0.15 0.14 0.24 0.18 0.17 0.12
Sum 99.95 100.23 100.06 100.64 99.56 100.34 99.57 100.00 101.03 100.16
Structural formula based on 8 oxygens
T site: Si  2.50 2.47 2.60 2.56 2.56 2.40 2.66 2.63 2.41 2.59
  Altot 1.50 1.54 1.41 1.45 1.44 1.61 1.35 1.38 1.61 1.42
Sum T site 4.00 4.01 4.01 4.01 4.00 4.00 4.01 4.01 4.02 4.01
  M site: Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
   Mg 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00
   Ca 0.49 0.50 0.39 0.42 0.43 0.62 0.33 0.37 0.57 0.41
    Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Na 0.50 0.47 0.58 0.55 0.55 0.35 0.61 0.56 0.38 0.54
    K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Sum M 1.00 0.98 0.98 0.98 1.00 0.97 0.96 0.95 0.96 0.96
Feldspar components 
albite 50.11 47.76 58.87 56.19 55.66 35.79 63.82 59.18 39.43 56.84
anorthite 48.83 51.41 39.93 42.73 43.44 63.35 34.73 39.67 59.57 42.43
orthoclase 1.06 0.77 1.12 1.07 0.87 0.85 1.42 1.08 1.00 0.73
celsian 0.00 0.07 0.09 0.00 0.04 0.02 0.02 0.08 0.00 0.00
* grains used in hornblende-plagioclase thermometry calculations







(APPENDIX F: CONT.) 
Plagioclase
Sample NE92E (cont.) NE 116 E
Grain 3 3 3 4* 4* 4* 4 1* 2* 2*
pt. 35 36 37 46 47 48 49 core core rim
Texture rim mantle core core core mant rim 117 56 57
  SiO2 57.19 73.59 55.14 52.94 51.26 51.62 55.28 44.18 47.36 45.09
  Al2O3 23.88 15.47 25.91 30.93 30.70 31.01 24.82 35.47 34.14 34.50
FeO 0.07 0.00 0.00 0.13 0.12 0.01 0.04 0.02 0.00 0.04
  MgO 0.00 0.01 0.02 0.00 0.00 0.03 0.11 0.00 0.00 0.00
  CaO 6.22 4.27 6.83 12.96 13.26 12.60 5.89 18.48 16.73 17.48
  BaO 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.06
  Na2O 7.25 4.31 6.38 3.89 4.02 3.98 6.95 1.58 1.73 1.40
  K2O 0.19 0.00 0.47 0.12 0.16 0.00 0.27 0.04 0.00 0.16
Sum 94.80 97.65 94.75 100.97 99.55 99.24 93.35 99.77 99.96 98.72
Structural formula based on 8 oxygens
T site: Si  2.68 3.21 2.60 2.37 2.34 2.35 2.63 2.05 2.17 2.10
  Altot 1.32 0.80 1.44 1.63 1.65 1.67 1.39 1.94 1.84 1.90
Sum T site 4.00 4.01 4.03 4.01 3.99 4.02 4.03 3.99 4.01 4.00
  M site: Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
   Ca 0.31 0.20 0.34 0.62 0.65 0.62 0.30 0.92 0.82 0.87
    Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Na 0.66 0.36 0.58 0.34 0.36 0.35 0.64 0.14 0.15 0.13
    K 0.01 0.00 0.03 0.01 0.01 0.00 0.02 0.00 0.00 0.01
Sum M 0.98 0.56 0.96 0.97 1.01 0.97 0.96 1.06 0.97 1.01
Feldspar components 
albite 67.04 64.60 61.00 34.99 35.10 36.35 66.96 13.37 15.75 12.53
anorthite 31.79 35.40 36.06 64.33 63.95 63.65 31.35 86.41 84.25 86.44
orthoclase 1.17 0.00 2.94 0.68 0.91 0.00 1.69 0.22 0.00 0.92
celsian 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.11
* grains used in hornblende-plagioclase thermometry calculations
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(APPENDIX F: CONT.) 
Plagioclase
Sample NE119E
Grain 1 1 1 2 2 2 2* 3* 3 4
pt. 118 119 120 122 123 124 125 135 136 137
Texture core rim rim mant rim core rim rim core core
  SiO2 44.47 43.96 44.09 44.06 43.14 43.99 44.42 44.93 45.75 44.37
  Al2O3 35.53 34.43 35.28 34.92 34.83 34.61 33.84 35.29 35.55 35.10
FeO 0.06 0.04 0.00 0.03 0.10 0.07 0.04 0.08 0.00 0.16
  MgO 0.05 0.00 0.00 0.16 0.00 0.00 0.00 0.00 0.01 0.07
  CaO 19.28 18.90 19.01 18.99 19.09 19.65 18.91 18.70 19.02 18.62
  BaO 0.00 0.00 0.04 0.00 0.00 0.05 0.03 0.00 0.06 0.02
  Na2O 0.92 0.98 0.80 1.05 0.99 1.06 1.27 1.12 0.99 1.02
  K2O 0.01 0.02 0.00 0.04 0.02 0.00 0.03 0.04 0.02 0.03
Sum 100.33 98.33 99.22 99.25 98.17 99.43 98.55 100.16 101.40 99.38
Structural formula based on 8 oxygens
T site: Si  2.05 2.07 2.05 2.06 2.04 2.05 2.09 2.07 2.08 2.06
  Altot 1.93 1.91 1.94 1.92 1.94 1.90 1.87 1.92 1.91 1.92
Sum T site 3.98 3.98 3.99 3.97 3.98 3.96 3.96 3.99 3.99 3.99
  M site: Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
   Mg 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
   Ca 0.95 0.95 0.95 0.95 0.97 0.98 0.95 0.92 0.93 0.93
    Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Na 0.08 0.09 0.07 0.10 0.09 0.10 0.12 0.10 0.09 0.09
    K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum M 1.04 1.04 1.02 1.05 1.06 1.08 1.07 1.03 1.02 1.02
Feldspar components 
albite 7.96 8.55 7.05 9.09 8.57 8.86 10.85 9.78 8.62 8.96
anorthite 91.99 91.32 92.86 90.70 91.33 91.05 88.93 89.99 91.15 90.83
orthoclase 0.05 0.14 0.02 0.21 0.10 0.00 0.16 0.24 0.13 0.17
celsian 0.00 0.00 0.07 0.00 0.00 0.09 0.06 0.00 0.11 0.04









(APPENDIX F: CONT.) 
Plagioclase
Sample NE119E (cont.)
Grain 4 5* 5 5 6* 6*
pt. 138 142 143 144 145 146
Texture rim rim core core core rim
  SiO2 45.66 45.03 44.48 45.09 56.68 56.40
  Al2O3 35.30 34.71 34.71 35.05 27.24 27.87
FeO 0.20 0.13 0.04 0.17 0.06 0.08
  MgO 0.02 0.03 0.01 0.00 0.03 0.00
  CaO 18.64 18.11 18.74 17.95 9.01 9.51
  BaO 0.00 0.01 0.00 0.00 0.00 0.00
  Na2O 1.03 1.10 0.86 1.05 6.19 5.73
  K2O 0.04 0.06 0.04 0.02 0.13 0.23
Sum 100.89 99.19 98.88 99.33 99.33 99.82
Structural formula based on 8 oxygens
T site: Si  2.09 2.09 2.08 2.09 2.56 2.53
  Altot 1.90 1.90 1.91 1.92 1.45 1.48
Sum T site 3.99 3.99 3.99 4.01 4.01 4.01
  M site: Fe2+ 0.01 0.01 0.00 0.01 0.00 0.00
   Mg 0.00 0.00 0.00 0.00 0.00 0.00
   Ca 0.91 0.90 0.94 0.89 0.44 0.46
    Ba 0.00 0.00 0.00 0.00 0.00 0.00
    Na 0.09 0.10 0.08 0.09 0.54 0.50
    K 0.00 0.00 0.00 0.00 0.01 0.01
Sum M 1.01 1.01 1.02 0.99 0.98 0.97
Feldspar components 
albite 9.07 9.90 7.63 9.59 55.02 51.46
anorthite 90.71 89.72 92.13 90.31 44.24 47.18
orthoclase 0.22 0.36 0.24 0.10 0.74 1.35
celsian 0.00 0.02 0.00 0.00 0.00 0.00








(APPENDIX F: CONT.) 
Potassium Feldspar
Sample NW16E
Grain 1 1 1 1 2 2 2 3 4 4 4 4
pt. 6 7 8 9 11 12 13 14 25 26 27 28
Texture core rim rim core core rim rim core core mant rim rim
  SiO2 59.31 64.14 63.21 63.42 63.75 64.26 63.47 64.57 62.75 62.62 62.17 63.63
  Al2O3 18.19 18.69 18.92 18.56 18.75 18.92 18.60 19.15 18.35 18.56 18.57 18.82
FeO 0.00 0.01 0.11 0.07 0.04 0.09 0.03 0.00 0.10 0.00 0.06 0.00
  MgO 0.00 0.00 0.04 0.04 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.00
  CaO 0.06 0.01 0.06 0.08 0.03 0.02 0.04 0.08 0.03 0.07 0.08 0.03
  BaO 0.43 0.31 0.33 0.46 0.39 0.52 0.63 0.42 0.46 0.32 0.39 0.35
  Na2O 0.86 0.76 0.66 0.79 0.70 0.63 0.74 0.83 0.78 0.82 0.74 0.70
  K2O 16.14 15.76 15.86 15.59 15.72 16.60 15.78 16.24 15.88 15.62 15.51 15.68
Sum 94.99 99.68 99.19 99.00 99.38 101.04 99.28 101.30 98.36 98.04 97.51 99.20
Structural formula based on 8 oxygens
T site: Si  2.93 2.98 2.96 2.97 2.97 2.96 2.97 2.96 2.97 2.96 2.96 2.97
  Altot 1.06 1.02 1.04 1.02 1.03 1.03 1.03 1.04 1.02 1.04 1.04 1.04
Sum T site 3.98 4.00 4.00 4.00 4.00 3.99 4.00 4.00 3.99 4.00 4.00 4.01
  M site: Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Ba 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
    Na 0.08 0.07 0.06 0.07 0.06 0.06 0.07 0.07 0.07 0.08 0.07 0.06
  K 1.02 0.93 0.95 0.93 0.94 0.98 0.94 0.95 0.96 0.94 0.94 0.93
Sum M 1.11 1.01 1.02 1.02 1.01 1.04 1.02 1.04 1.04 1.03 1.02 1.00
Feldspar components 
albite 7.40 6.83 5.86 7.04 6.28 5.40 6.52 7.13 6.92 7.32 6.68 6.28
anorthite 0.31 0.04 0.31 0.38 0.16 0.09 0.20 0.38 0.17 0.37 0.39 0.14
orthoclase 91.55 92.58 93.22 91.75 92.86 93.60 92.14 91.76 92.09 91.74 92.23 92.94









(APPENDIX F: CONT.) 
Potassium Feldspar
Sample NW16E ' TP-94-36^
Grain 1 1 1 2 2 2 3 3 3 2
pt. 93 94 95 104 105 106 107 108 109 avg
Texture core mant rim core mant rim core mant rim
  SiO2 62.54 63.15 62.67 64.25 64.43 64.02 64.78 63.86 62.94 64.18
  Al2O3 18.79 18.96 18.77 18.99 18.77 18.80 18.79 18.96 18.30 18.48
FeO 0.01 0.03 0.07 0.06 0.06 0.03 0.03 0.04 0.08 0.03
  MgO 0.03 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.01 -
  CaO 0.05 0.05 0.03 0.06 0.00 0.04 0.03 0.03 0.03 0.01
  BaO 0.29 0.25 0.36 0.34 0.37 0.47 0.36 0.53 0.43 0.48
  Na2O 0.62 0.84 0.68 0.69 0.06 0.74 0.75 0.81 0.80 0.7
  K2O 16.45 16.06 16.24 16.01 16.33 16.48 16.24 15.78 16.41 16.08
Sum 98.78 99.34 98.82 100.47 100.02 100.57 100.98 100.01 99.01 99.95
Structural formula based on 8 oxygens
T site: Si  2.95 2.95 2.95 2.97 2.98 2.96 2.98 2.96 2.97 2.982
  Altot 1.04 1.05 1.04 1.03 1.02 1.03 1.02 1.04 1.02 1.01
Sum T site 3.99 4.00 4.00 4.00 4.01 3.99 4.00 4.00 3.98 3.99
  M site: Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Mg 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 -
   Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Ba 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
    Na 0.06 0.08 0.06 0.06 0.01 0.07 0.07 0.07 0.07 0.06
  K 0.99 0.96 0.98 0.94 0.96 0.97 0.95 0.93 0.99 0.95
Sum M 1.05 1.04 1.05 1.01 0.98 1.05 1.03 1.02 1.07 1.03
Feldspar components 
albite 5.41 7.32 5.93 6.08 0.58 6.33 6.51 7.18 6.87 6.15
anorthite 0.22 0.22 0.15 0.32 0.00 0.17 0.14 0.15 0.16 0.05
orthoclase 93.86 92.02 93.28 93.01 98.74 92.70 92.72 91.74 92.23 92.96
celsian 0.51 0.43 0.64 0.60 0.68 0.80 0.63 0.94 0.74 0.85







(APPENDIX F: CONT.) 
Potassium Feldspar
Sample NE92E
Grain 1 1 1 2 2 3 3
pt. 32 33 34 38 39 40 41
Texture core core rim rim core core rim
  SiO2 64.45 62.81 63.82 60.82 64.66 61.60 60.78
  Al2O3 19.00 18.71 18.62 18.29 19.27 18.62 18.21
FeO 0.01 0.01 0.00 0.05 0.07 0.04 0.03
  MgO 0.00 0.01 0.00 0.00 0.05 0.02 0.02
  CaO 0.07 0.06 0.00 0.04 0.04 0.08 0.09
  BaO 0.36 0.47 0.36 0.37 0.27 0.65 0.50
  Na2O 0.60 0.57 0.55 0.65 0.85 0.73 0.71
  K2O 15.98 16.16 16.24 15.96 15.18 15.59 16.29
Sum 100.47 98.80 99.59 96.18 100.39 97.33 96.63
Structural formula based on 8 oxygens
T site: Si  2.97 2.96 2.98 2.95 2.97 2.95 2.94
  Altot 1.03 1.04 1.02 1.05 1.04 1.05 1.04
Sum T site 4.00 4.00 4.00 3.99 4.01 4.00 3.98
  M site: Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Ba 0.01 0.01 0.01 0.01 0.00 0.01 0.01
    Na 0.05 0.05 0.05 0.06 0.08 0.07 0.07
  K 0.94 0.97 0.97 0.99 0.89 0.95 1.01
Sum M 1.00 1.03 1.02 1.06 0.98 1.04 1.09
Feldspar components 
albite 5.32 5.04 4.87 5.81 7.79 6.52 6.13
anorthite 0.34 0.28 0.00 0.17 0.20 0.38 0.45
orthoclase 93.69 93.84 94.49 93.35 91.51 91.92 92.56








(APPENDIX F: CONT.) 
Potassium Feldspar
Sample NE119E
Grain 1 1 1 2 2 2 3 3 3
pt. 129 130 131 148 149 150 153 154 155
Texture rim core rim core rim core core rim mant
  SiO2 64.99 64.25 64.53 64.91 63.95 65.10 63.33 63.61 64.41
  Al2O3 18.98 18.67 19.18 18.84 19.17 18.87 18.83 18.72 18.80
FeO 0.12 0.06 0.09 0.09 0.08 0.04 0.00 0.12 0.07
  MgO 0.00 0.00 0.00 0.01 0.00 0.04 0.05 0.00 0.05
  CaO 0.06 0.02 0.02 0.04 0.04 0.02 0.03 0.01 0.05
  BaO 0.31 0.31 0.49 0.40 0.51 0.42 0.95 0.45 0.84
  Na2O 0.62 0.45 0.63 0.73 0.67 0.66 0.61 0.67 0.74
  K2O 14.90 15.74 14.86 14.40 14.76 15.13 14.75 15.12 15.17
Sum 99.99 99.50 99.79 99.40 99.18 100.28 98.55 98.71 100.12
T site: Si  2.99 2.99 2.98 3.00 2.97 2.99 2.97 2.98 2.98
  Altot 1.03 1.02 1.04 1.03 1.05 1.02 1.04 1.03 1.02
Sum T site 4.02 4.01 4.02 4.02 4.02 4.01 4.01 4.01 4.00
  M site: Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Ba 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02
    Na 0.06 0.04 0.06 0.06 0.06 0.06 0.06 0.06 0.07
  K 0.87 0.93 0.87 0.85 0.87 0.89 0.88 0.90 0.90
Sum M 0.94 0.98 0.94 0.92 0.95 0.95 0.96 0.97 0.98
Feldspar components 
albite 5.92 4.13 6.02 7.05 6.41 6.14 5.75 6.29 6.78
anorthite 0.31 0.10 0.08 0.21 0.21 0.12 0.16 0.03 0.23
orthoclase 93.17 95.20 92.97 91.96 92.40 92.93 92.26 92.82 91.44




APPENDIX G: ELECTRON MICROPROBE ANALYSIS-BIOTITE 
Biotite
Sample NW16E'
Grain 1 1 1 1 1 1 2 2 2 3 3 3
pt. 174 175 176 177 178 179 198 199 200 201 202 203
Texture core core mant mant rim rim core mant rim core mant rim
  SiO2 39.63 38.67 39.42 39.70 38.86 39.31 39.17 39.42 39.32 39.33 39.63 39.64
  Al2O3 15.94 16.31 16.89 16.12 16.51 16.99 17.00 16.65 17.40 17.30 17.88 16.53
  TiO2 1.28 1.29 1.23 1.19 1.26 1.07 1.19 1.16 1.23 1.13 1.06 1.08
  Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.07 0.05 0.07 0.09
FeO 7.37 7.46 7.95 7.96 7.35 7.33 7.58 7.03 7.38 7.45 7.15 7.19
  MnO 0.06 0.19 0.11 0.12 0.07 0.08 0.14 0.14 0.02 0.07 0.12 0.16
  MgO 21.46 21.96 21.96 20.99 21.58 22.37 22.72 22.52 21.77 21.72 21.42 21.67
  CaO 0.30 0.26 0.32 0.31 0.25 0.42 0.36 0.45 0.40 0.38 0.69 0.33
  BaO 0.08 0.05 0.07 0.05 0.12 0.08 0.08 0.05 0.10 0.00 0.08 0.08
  Na2O 0.20 0.10 0.18 0.25 0.13 0.15 0.17 0.16 0.17 0.24 0.30 0.12
  K2O 9.26 8.93 7.73 8.89 8.93 7.93 6.83 7.10 8.17 7.81 6.82 8.43
  F - - - - - - - - - - - -
  Cl 0.01 0.04 0.02 0.01 0.04 0.03 0.02 0.00 0.00 0.01 0.02 0.01
  H2O (calc) 4.20 4.17 4.23 4.20 4.17 4.23 4.23 4.22 4.25 4.23 4.25 4.21
Sum 99.79 99.43 100.10 99.78 99.26 99.99 99.56 98.89 100.28 99.72 99.48 99.54
Structural formula based on 24 anions
T site: Si 5.66 5.55 5.58 5.67 5.58 5.56 5.54 5.60 5.55 5.57 5.59 5.64
Aliv 2.34 2.45 2.42 2.33 2.42 2.44 2.46 2.40 2.45 2.43 2.41 2.36
Sum T site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Altot 2.68 2.76 2.82 2.71 2.79 2.83 2.83 2.79 2.90 2.89 2.97 2.77
R (vi) site: Al 0.34 0.31 0.39 0.39 0.37 0.39 0.37 0.39 0.45 0.46 0.56 0.42
 Ti 0.14 0.14 0.13 0.13 0.14 0.11 0.13 0.12 0.13 0.12 0.11 0.12
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01
Fe2+ 0.88 0.90 0.94 0.95 0.88 0.87 0.90 0.84 0.87 0.88 0.84 0.86
   Mn2+ 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.00 0.01 0.01 0.02
 Mg 4.57 4.70 4.63 4.47 4.62 4.72 4.79 4.77 4.58 4.59 4.50 4.60
R site vacancy 0.06 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y-site total 6.00 6.06 6.11 6.00 6.01 6.10 6.21 6.14 6.04 6.06 6.04 6.01
A site: Ca 0.05 0.04 0.05 0.05 0.04 0.06 0.05 0.07 0.06 0.06 0.10 0.05
    Ba 0.005 0.003 0.004 0.003 0.006 0.004 0.004 0.003 0.005 0.000 0.004 0.004
    Na 0.05 0.03 0.05 0.07 0.04 0.04 0.05 0.04 0.05 0.07 0.08 0.03
    K 1.69 1.63 1.39 1.62 1.63 1.43 1.23 1.29 1.47 1.41 1.23 1.53
A-site vacancy 0.21 0.29 0.50 0.26 0.28 0.46 0.66 0.60 0.42 0.46 0.58 0.38
Sum A site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Henry et al. (2005) Ti-in-biotite thermometer






(APPENDIX G: CONT.) 
Biotite
Sample NE119E
Grain 1 1 1 2 2 2 3 3 3
pt. 243 244 245 258 259 260 262 263 264
Texture rim mant core core rim mant core rim mant
  SiO2 39.29 39.37 38.80 39.25 38.71 39.38 39.57 39.25 39.34
  Al2O3 16.96 16.65 16.37 16.61 16.51 16.69 16.49 16.71 16.65
  TiO2 1.65 1.72 1.82 1.46 1.40 1.39 1.51 1.30 1.24
  Cr2O3 0.03 0.03 0.00 0.09 0.04 0.00 0.00 0.00 0.09
FeO 10.76 10.49 10.81 10.88 10.69 10.56 10.62 10.55 10.64
  MnO 0.19 0.10 0.15 0.12 0.13 0.13 0.14 0.13 0.11
  MgO 17.24 17.59 17.12 16.97 17.00 17.38 16.91 17.10 17.20
  CaO 0.03 0.04 0.03 0.10 0.04 0.06 0.03 0.06 0.04
  BaO 0.06 0.15 0.07 0.00 0.13 0.07 0.06 0.16 0.08
  Na2O 0.12 0.02 0.09 0.11 0.12 0.02 0.07 0.03 0.06
  K2O 9.28 10.08 9.82 9.76 9.29 9.98 9.66 9.61 10.22
  F - - - - - - - - -
  Cl 0.01 0.02 0.02 0.03 0.03 0.05 0.04 0.09 0.06
  H2O (calc) 4.14 4.15 4.09 4.11 4.06 4.12 4.11 4.08 4.11
Sum 99.74 100.39 99.19 99.48 98.15 99.81 99.19 99.06 99.83
Structural formula based on 24 anions
T site: Si 5.69 5.68 5.68 5.71 5.70 5.71 5.76 5.73 5.72
Aliv 2.31 2.32 2.32 2.29 2.30 2.29 2.24 2.27 2.28
Sum T site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Altot 2.89 2.83 2.82 2.85 2.87 2.85 2.83 2.87 2.858.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
R (vi) site: Al 0.58 0.52 0.50 0.56 0.57 0.57 0.59 0.60 0.57
 Ti 0.18 0.19 0.20 0.16 0.15 0.15 0.17 0.14 0.14
Cr3+ 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Fe2+ 1.30 1.27 1.32 1.32 1.32 1.28 1.29 1.29 1.29
   Mn2+ 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01
 Mg 3.72 3.78 3.73 3.68 3.73 3.76 3.67 3.72 3.73
R site vacancy 0.19 0.23 0.23 0.24 0.20 0.23 0.26 0.23 0.25
Y-site total 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
A site: Ca 0.00 0.01 0.00 0.02 0.01 0.01 0.00 0.01 0.01
    Ba 0.003 0.009 0.004 0.000 0.008 0.004 0.003 0.009 0.004
    Na 0.03 0.01 0.03 0.03 0.03 0.01 0.02 0.01 0.02
    K 1.71 1.86 1.83 1.81 1.75 1.85 1.80 1.79 1.90
A-site vacancy 0.25 0.12 0.13 0.14 0.21 0.13 0.18 0.18 0.08
Sum A site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Henry et al. (2005) Ti-in-biotite thermometer
661 671 678 640 636 634 647 623 613
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APPENDIX H: ELECTRON MICROPROBE ANALYSIS-CLINOZOISITE 
Clinozoisite
Sample SE394E
Grain 1 1 2 2 2 2 3 3 4 4 4
pt. 287 288 303 304 305 306 312 313 180 181 182
Texture core rim rim core rim core core rim rim core rim
  SiO2 39.32 39.22 38.45 38.60 38.73 38.56 38.92 38.53 38.76 38.72 37.99
  TiO2 0.01 0.00 0.05 0.00 0.03 0.00 0.10 0.25 0.00 0.01 0.01
  Al2O3 32.48 32.24 31.92 33.04 30.50 33.03 32.37 31.24 30.22 29.84 30.28
  Cr2O3 0.00 0.04 0.05 0.04 0.04 0.00 0.00 0.03 0.02 0.00 0.00
FeO 3.49 3.96 4.63 3.44 6.27 3.92 4.67 5.62 4.87 4.80 5.05
  MnO 0.07 0.06 0.06 0.10 0.05 0.04 0.10 0.05 0.07 0.07 0.06
  MgO 0.04 0.03 0.04 0.07 0.06 0.09 0.07 0.09 0.05 0.00 0.04
  CaO 25.08 24.22 25.57 23.38 24.34 23.95 25.09 23.62 25.08 24.65 25.76
BaO 0.00 0.09 0.00 0.00 0.00 0.05 0.02 0.08 0.00 0.00 0.00
  Na2O 0.00 0.06 0.07 0.09 0.00 0.00 0.08 0.00 0.00 0.00 0.03
  K2O 0.01 0.01 0.01 0.03 0.01 0.00 0.00 0.01 0.02 0.03 0.00
  F - - - - - - - - - - -
  Cl 0.03 0.02 0.00 0.06 0.03 0.02 0.00 0.00 0.01 0.00 0.00
Fe2O3 (calc)* 3.88 4.40 5.15 3.82 6.97 4.36 5.19 6.25 5.41 5.33 5.61
H (assumed) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Sum 100.88 100.37 101.36 99.18 100.72 100.07 101.94 100.14 99.59 98.59 99.78
Normalized to 25 valencies  and 12.5 oxygen
T site: Si 2.94 2.94 2.88 2.92 2.92 2.90 2.89 2.91 2.95 2.98 2.90
Aliv 0.06 0.06 0.12 0.08 0.08 0.10 0.11 0.09 0.05 0.02 0.10
Altot 2.85 2.84 2.82 2.94 2.71 2.93 2.83 2.78 2.71 2.70 2.73
M1,2,3: Al 2.79 2.78 2.70 2.86 2.64 2.82 2.73 2.70 2.67 2.68 2.63
 Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.22 0.25 0.29 0.22 0.40 0.25 0.29 0.36 0.31 0.31 0.32
   Mn2+ 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00
Sum 3.01 3.04 3.00 3.10 3.05 3.08 3.04 3.08 2.99 2.99 2.96
A site: Ca 2.00 1.94 2.05 1.89 1.97 1.93 2.00 1.91 2.05 2.03 2.11
    Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
    Na 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00
    K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum A 2.00 1.95 2.06 1.91 1.97 1.93 2.01 1.92 2.05 2.03 2.11
X ep 0.20 0.23 0.26 0.19 0.36 0.21 0.26 0.31 0.30 0.31 0.31
X czo 0.80 0.77 0.74 0.81 0.64 0.79 0.74 0.69 0.70 0.69 0.69
Wt% Fe2O3 = Wt%FeO*159.692/(2*71.846) = Wt%FeO*(1.111349275)
Mole Fe2O3 = Wt%Fe2O3/159.692 = Wt%FeO/(2*71.846)  
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(APPENDIX H: CONT.) 
Clinozoisite
Sample SE394E (cont.)
Grain 5 5 6 6
pt. 187 188 192 193
Texture rim core rim core
  SiO2 38.58 39.17 38.59 38.19
  TiO2 0.00 0.03 0.00 0.01
  Al2O3 29.64 29.12 29.38 29.80
  Cr2O3 0.03 0.01 0.00 0.04
FeO 4.81 6.13 5.87 4.55
  MnO 0.06 0.10 0.05 0.08
  MgO 0.06 0.06 0.02 0.07
  CaO 24.50 24.18 25.03 24.79
BaO 0.00 0.01 0.04 0.00
  Na2O 0.00 0.02 0.00 0.00
  K2O 0.00 0.00 0.00 0.02
  F - - - -
  Cl 0.02 0.02 0.00 0.00
Fe2O3 (calc)* 5.35 6.81 6.52 5.06
H (assumed) 1.00 1.00 1.00 1.00
Sum 98.22 99.50 99.63 98.02
Normalized to 25 valencies  and 12.5 oxygen
T site: Si 2.98 2.99 2.95 2.96
Aliv 0.02 0.01 0.05 0.04
Altot 2.70 2.62 2.65 2.72
M1,2,3: Al 2.67 2.61 2.60 2.67
 Ti 0.00 0.00 0.00 0.00
Cr3+ 0.00 0.00 0.00 0.00
Fe3+ 0.31 0.39 0.38 0.29
   Mn2+ 0.00 0.01 0.00 0.00
Mg 0.01 0.01 0.00 0.01
Sum 2.99 3.02 2.98 2.98
A site: Ca 2.03 1.98 2.05 2.06
    Ba 0.00 0.00 0.00 0.00
    Na 0.00 0.00 0.00 0.00
    K 0.00 0.00 0.00 0.00
Sum A 2.03 1.98 2.05 2.06
X ep 0.31 0.39 0.37 0.29
X czo 0.69 0.61 0.63 0.71
Wt% Fe2O3 = Wt%FeO*159.692/(2*71.846) = Wt%F
Mole Fe2O3 = Wt%Fe2O3/159.692 = Wt%FeO/(2*71. 
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APPENDIX I: ELECTRON MICROPROBE ANALYSIS-MUSCOVITE 
Muscovite
Sample NE116E NE119E
Grain 1 1 1 1 2
pt. 58 60 61 15 15
Texture core rim rim core core
  SiO2 46.59 47.23 46.62 47.76 47.21
  Al2O3 32.19 31.97 34.12 34.40 36.13
  TiO2 - - - - 0.0
  Cr2O3 - - - - 0.0
FeO 0.73 0.72 0.68 0.86 0.64
  MnO 0.00 0.00 0.00 0.00
  MgO 2.38 2.41 1.48 1.57 1.44
  CaO 0.03 0.00 0.02 0.04 0.00
  BaO 0.30 0.23 0.39 0.07 0.17
  Na2O 0.01 0.05 0.31 0.14 0.04
  K2O 11.11 10.76 11.60 10.49 11.06
F - - - - -
Cl 0.00 0.00 0.00 0.00 0.00
  H2O (calc) 4.40 4.42 4.48 4.53 4.58
Sum 97.75 97.79 99.70 99.86 101.28
Structural formula based on 24 anions
T site: Si 6.346 6.407 6.246 6.319 6.177
Aliv 1.654 1.593 1.754 1.681 1.823
Sum T site 8.000 8.000 8.000 8.000 8.000
Altot 5.168 5.111 5.387 5.364 5.571
R site: Alvi 3.514 3.518 3.633 3.682 3.748
   Ti 0.000 0.000 0.000 0.000 0.001
Cr3+ 0.000 0.000 0.000 0.000 0.000
Fe2+ 0.084 0.082 0.076 0.095 0.070




   Mg 0.484 0.487 0.296 0.310 0.281
R site vacancy 1.918 1.913 1.995 1.913 1.900
Y-site total 6.000 6.000 6.000 6.000 6.000
A  site: Ca 0.004 0.000 0.003 0.006 0.000
    Ba 0.016 0.012 0.020 0.004 0.009
    Na 0.004 0.013 0.081 0.036 0.010
    K 1.931 1.862 1.983 1.770 1.846
A-site vacancy 0.045 0.112 0.000 0.185 0.135




APPENDIX J: ELECTRON MICROPROBE ANALYSIS-TITANITE 
Titanite
Sample SE394E
Grain 1 1 1 1
pt 290 291 292 293
Texture core mant rim rim
  SiO2 31.67 31.12 30.68 30.76
  TiO2 30.29 30.73 30.06 31.78
  Al2O3 5.49 5.79 5.65 4.32
  Cr2O3 0.00 0.14 0.04 0.07
FeO 0.40 0.38 0.32 0.24
  MnO 0.00 0.00 0.03 0.02
  MgO 0.03 0.05 0.04 0.05
  CaO 29.21 30.49 29.45 30.09
BaO 0.00 0.00 0.00 0.02
Na2O 0.00 0.07 0.02 0.06
K2O 0.01 0.00 0.00 0.00
F - - - -
Cl 0.00 0.02 0.01 0.01
Fe2O3 (calc)* 0.44 0.42 0.36 0.27
Sum 97.14 98.82 96.34 97.46
Normalized on the basis of three cations, assuming O+OH+F+Cl = 5
Si 1.03 0.99 1.00 1.00
Ti 0.74 0.73 0.74 0.78
Al 0.21 0.22 0.22 0.17
Cr 0.00 0.00 0.00 0.00
Fe3+ 0.01 0.01 0.01 0.01
Mn2+ 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00
Ca 1.01 1.04 1.03 1.05
Ba 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00
* All Fe calculated as Fe2O3 assuming 
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